PHOTOSYNTHETIC 
MECHANISMS  OF 
GREEN    PLANTS 


PHOTOSYNTHETIC  MECHANISMS 


RHOTOSYNTHETIC  MECHANISMS 
OF  GREEN  PLANTS 


Papers    presented   at   a    symposium    sponsored    by 

the   Committee   on    Photobiology 

of   the   National   Academy   of   Sciences — National    Research    Council 

with   the   support   of   the   National    Science    Foundation. 


O: 


3- 
CO 

nj 
□ 

;  ° 

i  r^ 
I  D 

I  m 


14-18  October   1963 


Chairman:    Bessel    Kok 
Organizer:   Andre   T.    Jagendorf 


Publication  1145 
National  Academy  of  Sciences — National    Research   Council 

Washington,   D.C. 
1963 


LIBRARY  OF  CONGRESS 
Catalog    Card    Number   63-65396 


CONTENTS 

Page 

FOREWORD '^^^^ 

I.     SPECTROSCOPIC   AND  FLUORESCENCE  ANALYSIS  OF 
OXIDATION-REDUCTION  CATALYSTS 

Studies  on  Primary  Reactions  and  Hydrogen  or  Electron 
Transport  in  Photosynthesis  by  Means  of  Absorption  and 
Fluorescence  Difference  Spectrophotometry  of  Intact  Cells.    ...  1 

L.   M.   N.   Duysens 
Correlation  Between  Absorption  Changes  and  Electron 

1   ft 

Transport  in  Photosynthesis 

B.    Rumberg,    P.    Schmidt-Mende ,    J.    Weikard  and 
H.   T.   Witt 

Photosynthetic  Electron  Transport 35 

Bess  el  Kok  • 

Fluorescence  Studies 45 

Bess  el  Kok 

Light-Driven  Cytochrome  Reactions  in  Anacystis  and 

Euglena ^^ 

John  M.    Olson  and  Robert  M.   Smillie 

The  Temperature  Insensitive  Oxidation  of  Cytochrome  F 

in  Green  Leaves  -  A  Primary  Biochemical  Event  of 

Photosynthesis ' "o 

Britton  Chance  and  Walter  D.    Bonner,    Jr. 

Light  Induced  Optical  Changes  in  Green  Leaves 82 

Walter  Bonner  and  Robert  Hill 

Action  of  Two-Pigment  System  on  Fluorescence  Yield 

of  Chlorophyll  A 91 

W.   L.   Butler  and  N.   I.   Bishop 

Principles  of  a  Theory  of  Energy  Utilization  in 

Photosynthesis ^^^ 

James  Franck  and  J.    L.    Rosenberg 

The  Mechanism  of  Photosynthesis 112 

Eugene  Rabinowitch 


Page 

Fluorescence  in  Two-Pigment  Systems 122 

J.   L.   Rosenberg  and  Tevfik  Bigat 

Relationship  between  Light  Induced  EPR  Signal  and 

Pigment  P700 131 

Helmut  Beinert  and  Bessel  Kok 

EPR  and  Optical  Studies  on  Scenedesmus  Mutants 138 

Ellen  C.    Weaver  and  Norman  I.   Bishop 

A  Method  for  Calculating  Quantum  Yields  for  the 

Formation  of  Reaction  Intermediates 147 

Daniel  Rubinstein 

Light-Induced  Rapid  Absorption  Changes  During 
Photosynthesis.     II.     430  m^  Absorption  Changes  in 

Aged  Chloroplasts  in  the  Presence  of  PMS  and  Ascorbate     ....      153 
Bacon  Ke 

II.     ELECTRON  TRANSPORT  PATHS  -  BIOCHEMICAL 
INVESTIGATIONS 

The  Electron  Transport  System  of  Photosynthesis 
Deduced  from  Experiments  with  Mutants  of 

Chlamydomonas  Reinhardi 158 

R.   P.   Levine 

Effects  of  Quinones  and  Oxygen  in  the  Electron 

Transport  System  of  Chloroplasts 174 

Achim  Trebst,    Herbert  Eck  and  Sieglinde  Wagner 

Photosynthetic  Electron  Trcinsport  and  Phosphorylation 195 

Daniel  I.    Arnon 

Characteristics  of  Tritium  Incorporation  into 

Illuminated  Chloroplasts 213 

Brian  Colman  and  Wolf  Vishniac 

Indophenol  Dyes:     Catalysts  and  Uncouplers  of 

Photophosphorylation 219 

Donald  L.    Keister 

Photosynthetic  Phosphorylation  in  the  Presence  of 

Naturally  Occurring  Substances 228 

C.   C.   Black  and  A.   San  Pietro 

Characterization  of  Allagochrome  and  its  Biosynthesis 

in  Leaf  Extracts 235 

Helen  M.    Habermann 


Page 

Some  Effects  of  Oxygen  in  Photosynthesis  by 

Chloroplast  Preparations 243 

F.  R.   Whatley 

in.     STUDIES  WITH  ISOLATED  ELECTRON  CARRIERS 

Photosynthetic  Pyridine  Nucleotide  Reductase. 
IV  Further  Studies  on  the  Chemical  Properties  of 

the  Protein 252 

Keelin  T.    Fry  and  Anthony  San  Pietro 

Photochemical  Reactions  of  Plastocyanin  in  Chloroplasts 262 

Sakae  Katoh  and  Atusi  Takamiya 

Evidence  for  the  Role  of  Several  Quinones  in  the 

Electron  Transport  System  of  Chloroplasts 27  3 

R.   A.  Dilley,   M.   D.   Henninger  and  F.   L.  Crane 

The  Pathway  of  Metmyoglobin  and  NADP  Reduction 

by  Illuminated  Chloroplasts 278 

H.   E.  Davenport 

On  the  Participation  of  Cytochrome  f  in  Photo- 
synthetic  Electron  Transport 284 

Giorgio  Forti,   Maria  Luisa  Bertole  and  Bruno  Parisi 

The  Photosynthetic  and  Respiratory  Systems  in 

Euglena  Gracilis 291 

Fulvio  Perini 

IV.     ENHANCEMENT  STUDIES:     GAS  EXCHANGES 

Enhancement 301 

Jack  Myers 

Emerson  Enhancement  Effect  and  Two  Light 

Reactions  in  Photosynthesis 318 

Govindjee 

Separation  of  the  Effects  of  Two  Photochemical 

Reactions  by  Studies  of  Oxygen  Exchange 335 

C  .  S  .  French 

Chromatic  Transients  and  Enhancement  Recorded 

by  the  Glass  Electrode 345 

L.  R.   Blinks 

Observations  on  the  Function  of  Chlorophyll  a^  and 

Accessory  Pigments  in  Photosynthesis 352 

David  C  .    Fork 


Page 

Light -Induced  Oxygen  Reactions  in  Isolated  Chloroplasts 362 

Yaroslav  de  Kouchkovsky  and  Jean-Marie  Briantais 

Studies  with  Flash  Illumination  on  the  Enhancement 

Effect  in  Chloroplasts 371 

C.   P.   Whittingham  and  P.    M.   Bishop 

Some  Effects  of  Monochromatic  Light  on  Oxygen  Evolution 

and  Carbon  Dioxide  Fixation  in  Chlorella  Pyrenoidosa 381 

Max  H.    Honnmersand 

Illumination  Dependence  of  Enhancement 391 

T.   T.   Bannister  and  M.J.    Vrooman 

The  Relation  Between  Pigment  Concentration  and 
Photosynthetic  Capacity  in  a  Mutant  of  Chlamydonnonas 

Reinhardi 400 

G.   C.   McLeod,    G.   A.   Hudock,    and  R.   P.   Levine 

V.     RESPIRATION,    PHOTOSYNTHESIS,   AND  HYDROGEN 
METABOLISM 

Photoreactions  and  Respiration 409 

George  Hoch  and  Olga  v.    H.    Owens 

Some  Flavin  Interactions  with  Grana  (Seen  in  a 

Different  Light) 42  j 

Birgit  Vennesland 

Utilization  of  Far-Red  Light  by  Green  Algae  and  the 

Problem  of  Oxygen  Evolution 436 

H.   Gaff r on,    W .    Wiessner  and  P.    Homann 

On  The  Interrelation  of  the  Mechanisms  for  Oxygen 

and  Hydrogen  Evolution  in  Adapted  Algae 441 

Norman  I.   Bishop  and  H.   Gaffron 

Effect  of  Light  on  Respiration 452 

G.    Krotkov 

VI.     FUNCTION  OF  PIGMENTS  AND  PIGMENT  COMPLEXES 

Aggregated  Chlorophyll  in  vivo 455 

S  .   S  .   Br ody  and  M  .    Br  ody 

Properties  of  Chlorophyll  Protein  Isolated  from 

Leaves  of  Chenopodium  Album 479 

Atusi  Takamiya,    Hirosi  Obata  and  Eijiro  Yakushiji 


Page 

Studies  of  the  Constitution  and  Photochemical  Activity 

of  an  Isolated  Chlorophyll  Complex 486 

M.  B.   Allen  and  J.   C.   Murchio 

Soluble  Protein-Pigment  Complexes  from 

Spinach  Chloroplasts 496 

Josephs.    Kahn 

Photoreduction  of  NADP  by  Ascorbate  and  Hematoporphyrin  .    .    .      504 
Anthony  San  Pietro,    Leo  P.    Vernon  and  Dorothy  Limbach 

Photooxidation  of  Reduced  PMS  by  Chloroplasts  and 
Chlorophyll  A  under  Anaerobic  Conditions  in  the 

Presence  of  Quinones 509 

Leo  P.    Vernon,    Waldo  S.    Zaugg  and  Elwood  Shaw 

Fluorescence,    Energy  Transfer,    and  SH-Groups  in 

Photosynthetic  Pigments  of  Red  and  Blue-Green  Algae 519 

Eiji  Fujimori  and  Kenneth  Quinlan 

Studies  of  the  Localization,    Physicochemical  Properties, 

and  Action  of  Phycocyanin  in  Anacystis  Nidulans 5Z7 

John  A.   Bergeron 

VU.     CHLOROPLAST  STRUCTURE  AND  ORIENTED  MOLECULES 

Experiments  made  to  Elucidate  the  Molecular 

Structure  of  Chloroplasts 537 

Wilhelm  Menke 

Oriented  Molecules  and  the  Structure  of  Chloroplasts 545 

R.    A.    Olson  with  the  collaborative  assistance  of 
W  .   H.   Jennings 

Studies  with  Cyanidium  Caldarium.     11.     The  Fine 

Structure  of  Pigment-Deficient  Mutants 560 

Lawrence  Bogorad,    Frank  V.   Mercer,    and 

Rosemary  Mullens 

Chlorophyll's  Lipid  Environment 571 

A.   A.   Benson 

The  Chloroplast  Structure  in  Photosynthesis 575 

Jerome  J.    Wolken 

Vin.     MECHANISM  OF   PHOSPHORYLATION,   AND 
STRUCTURAL  DEFORMATIONS 

Control  of  Chloroplast  Structure  by  Adenosine  Triphosphate   .    .    .     587 
Lester  Packer 


Page 

Studies  on  the  Mechanism  of  Photophosphorylation 599 

A.   T.  Jagendorf  and  Geoffrey  Hind 

On  The  Coupling  of  Photophosphorylation  to 

Electron  Transport 611 

Mordhay  Avron  and  Noun  Shavit 

The  Stoichiometry  of  Photophosphorylation 619 

Thomas  Punnett 

Structure-Function  Relationships  in  Proteins  and  their 

Possible  Bearing  on  the  Photosynthetic  Process 625 

Rufus  Lumry 

IX.     PATH  OF  CARBON  AND  ASSOCIATED  METABOLISM 

Recent  Kinetic  Studies  on  the  Carbon  Reduction  Cycle 635 

J.   A.   B  as  sham 

Glycolate  Pathway 648 

N.   E.    Tolbert 

An  Evaluation  of  the  Carbon  Reduction  Pathways 

of  Photosynthesis 663 

Martin  Gibbs 

The  Production  of  Glycollate  During  Photosynthesis 675 

C.    P.   Whittingham,    R.    G.    Hiller,    and  M .    Bermingham 

Chloroplast  Nucleotide  Coenzynnes 684 

William  L.    Ogren  and  David  W.    Krogmann 

Metabolism  of  Inorganic  Polyphosphates  in 

Growing  Chlorella  Cells 688 

Shigetoh  Miyachi 

X.     MISCELLANEOUS  TOPICS 

The  Decay  of  Delayed  Light  at  Short  Times 698 

William  Arnold  and  J.   B.  Davidson 

Effects  of  Photosynthetic  Poisons  on  Delayed 

Light  in  the  Millisecond  Time  Range ^01 

Walter  F.    Bertsch,    J.   B.   Davidson,    and  J.   R.   Azzi 

Light  Scattering  by  Chloroplasts  in  the  UV 711 

William  F.    Prickett,   F.   Dudley  Bryant,    and  Paul  Latimer 


Vll 


Page 

Interference  of  Emission  Changes  with  Fast  Absorption 

Changes  in  the  Flash  Spectroscopy  of  Algae "717 

Edgar  Inselberg  and  J.    L.    Rosenberg 

Effects  of  Hydrostatic  Pressure  on  Induction 

7  ?  A 
Transients  of  Oxygen  Evolution "^" 

William  Vidaver 

Effects  of  Photodynamic  Treatment,    Ultraviolet 
Radiation  and  Gamma  Radiation  on  the  Photosynthesis 

and  Hill  Reaction  of  Chlorella ^^^ 

John  D  .    Spikes  and  Dennis  C.    Hall 

On  The  Variability  in  the  Activity  of  the 

Photo  synthetic  Mechanisms ^42 

Constantine  Sorokin 

SUMMARY ^^^ 

LIST  OF  PARTICIPANTS "^59 


FOREWORD 


This  volume  contains  the  papers  submitted  to  a  synnposium  on  "Photo- 
synthetic  Mechanisnns  of  Green  Plants,"  held  at  Airlie  House,    Warrenton, 
Virginia,    Oct.    14-18,    1963.     The  symposium  was  proposed  and  sponsored  by 
the  Committee  on  Photobiology ,    of  the  National  Academy  of  Sciences— National 
Research  Council,    Carl  P.    Swanson,    Chairman.     The  funds  for  the  symposium 
were  provided  by  a  generous  grant  from  the  National  Science  Foundation,   with 
ancillary  support  from  the  Kettering  Foundation,    Yellow  Springs,    Ohio. 

It  was  the  feeling  of  the  Committee  that  progress  in  the  field  since  the 
last  meeting  of  this  kind,    Gatlinburg,    1955,   warranted  a  summing  up  and 
organization  of  our  newer  information.     In  retrospect,    a  brief  paper  by  Blinks 
in  that  last  meeting  proved  to  be  the  forerunner  of  the  period  in  photosynthesis 
research  which  we  attempted  to  crystallize  at  Airlie.     Blinks'   report  on  chro- 
matic transients  brought  the  realization  that  photosynthesis  is  not  "color 
blind"— and  that  different  pigments  might  sensitize  different  photoprocesses . 
Soon  followed  the  observation  by  the  late  Dr.    Emerson  of  the  enhancement 
effect  in  which  lights  of  two  different  wavelengths  proved  to  exert  a  greater 
effect  if  given  simultaneously  than  if  given  individually.     This  enhancement  of 
net  rate  was  rationalized  by  the  observation  of  a  push-and-puU  effect  of  two 
different  colors  upon  intermediate  catalysts  of  the  process:     i.e.  ,    P700  and 
cytochrome  f .     The  analysis  of  photosynthesis  in  terms  of  two  distinct  photo- 
reactions,   their  features  and  their  coupling,    has  consequently  been  the  main 
area  of  concentration  during  the  last  years.     This  interest  is  reflected  in  a 
large  percentage  of  the  papers  in  this  symposium.     Enhancement,    transients, 
and  respiratory  interactions  with  at  least  one  light  reaction  have  been  studied 
in  great  detail.     Considerable  spectroscopic  evidence  concerning  primary  and 
early  events  has  accumulated.     Also  on  the  basis  of  biochemical  studies  and 
analysis  using  mutants,    a  picture  of  photosynthetic  electron  transport  is  be- 
ginning to  emerge,    albeit  somewhat  hesitantly.     There  seems  to  be  fair  agree- 
ment at  present  about  the  nature  of  the  first  photoreaction,    producing  an  as  yet 
unidentified  strong  reductant,    and  a  weak  oxidant  (P700).     Compared  to  this 
the  details  of  the  other  photoact  and  the  evolution  of  oxygen  associated  with  it 
are  still  quite  obscure. 

Considerable  progress  is  reported  in  regard  to  the  nature  and  function 
of  known  and  newly  discovered  constituents  of  the  electron  transport  chain: 
chloroplast  ferredoxin,    transhydrogenase,    plastoquinones  ,    cytochrome_f ,    and 
plastocyanine.     Photophosphorylation  in  chloroplasts ,   discovered  about  the 
time  of  the  previous    meeting  in  Gatlinburg,    appears  to  be  far  from  a  finished 
problem.     Some  newer  aspects  are  presented  here,    such  as  a  large  pool  of 
high-energy  intermediate,    capable  of  inaking  ATP  in  the  dark. 

It  is  interesting  to  note  that  probably  no  area  of  photosynthesis  can  yet 
be  considered  a  closed  chapter.     Although  the  path  of  carbon  in  photosynthesis 


IX 


has  been  familiar  for  a  considerable  time,    the  present  fluid  state  of  this  field 
is  excellently  surveyed,  with  clear  indications  as  to  where  revisions  must  be 
forthcoming  in  the  future.     Elegant  work  on  the  chemical  structure  of  lamellae 
points  up  our  continued  ignorance  as  to  the  precise  functional  significance  of 
the  structures,    or  even  as  to  the  mode  of  attachment  of  chlorophyll  to  protein. 

Our  introduction  cannot  attempt  a  detailed  survey  of  the  contents  of  this 
book.     It  must  further  be  stated  that  some  areas  of  photosynthesis  were  com- 
pletely omitted  in  the  planning  of  this  nneeting.     We  hope  the  reader  realizes 
that  the  constant  shifting  of  the  focus  of  attention  often  makes  it  difficult  to 
discriminate  between  the  intrinsic  importance  of  a  given  aspect  and  the  number 
of  workers  interested  in  it.     Every  so  often  someone  manages  to  remove  an- 
other stone  from  the  wall  through  which  we  all  want  to  see,    and  the  crowds  tend 
to  flock  around  the  new  peep-hole. 

To  a  certain  extent  we  must  apologize  for  the  inelegant  composition  of 
this  volume,    the  lack  of  editing  and  the  somewhat  brutal  measures  taken  to 
secure  early  publication.     We  are  grateful  to  all  contributors  for  their  coop- 
eration in  providing  concise  summaries  of  their  recent  important  work,    and 
we  hope  that  the  exposed  cross-section  of  photosynthesis  as  of  the  early  sixties 
will  prove  of  value. 

It  is  a  pleasure  to  acknowledge  the  conscientious  efforts  of    Miss  Inger 
Hermann,   Secretary  of  the  Photobiology  Committee,   and  of  her  staff. 


Bess  el  Kok,    Chairman 
Andre  Jagendorf ,   Organizer 


I.     SPECTROSCOPIC  AND  FLUORESCENCE  ANALYSIS  OF 
OXIDATION-REDUCTION  CATALYSTS 


STUDIES  OH  PRIMARY  REACTIOllS  AUD  HYDROGEN  OR  ELECTRON  TRANSPORT 
IN  PHOTOSYHTHESIS  BY  MEANS  OP  ABSORPTION  AND  FLUORESCENCE  DIF- 
FERENCE SPECTROPHOTOMETRY  OP  INTACT  CELLS 

L.N.M.  Duysens 

INTRODUCTION  AND  METHODS 


As  requested  by  the  organizers  of  this  symposium,  in  this 
paper  investigations  mainly  carried  out  at  our  laboratory  will 
be  reviewed  and  interpreted. 

In  most  experiments  the  time  courses  of  changes  in  light  ab- 
sorption and  emission  were  recorded  at  various  wavelengths  in 
the  visible  and  adjacent  spectral  regions  for  suspensions  of  in- 
tact photo synthesizing  cells.  These  changes  were  brought  about 
by  suddenly  admitting  relatively  strong  so-called  actinic  light 
of  constant  intensity.  This  light  was  switched  off  after  a  time 
varying  from  one  second  to  about  one  minute.  The  changes  in  ab- 
sorption were  measured  by  means  of  a  separate  weak  modulated 
measuring,  beam,  which  in  general  did  not  cause  changes  in  ab- 
sorption '   J  the  fluorescence  was  in  general  excited  by  modu- 
lated light  of  such  a/^Qw  intensity  so  as  not  to  cause  changes 
in  fluorescence  yield^   .  The  measuring  apparatus  was  only  sen- 
sitive to  the  modulated  measuring  beam  or  to  the  fluorescence, 
excited  by  the  modulated  exciting  beam.  These  modulations  and 
the  use  of  suitable  filters  prevented  direct  effects  of  the  ac- 
tinic light  on  the  measuring  apparatus.  The  absorption  and  fluor- 
escence changes  were  recorded  by  means  of  a  one-fourth  or  one 
second  recorder.  Rapid  changes  in  fluorescence  yield  were  brought 
about  by  an  electronic  flash,  and  were  measured  by  means  of  an 
oscillograph.  This  apparatus  has  a  response  time  of  the  order 
of  one  usee,  and  the  flash  served  both  as  exciting  and  actinic 
beam  • 

A  difference  spectrum  presents  a  change  in  the  absorption 
spectrum  or/Of  the  fluorescence  spectrum  occurring  during  il- 
lumination   »  Difference  spectra  may  be  obtained  from  the  ti- 
me c\irves  of  absorbancy  or  fluorescence  changes  (see  ).  These 
spectra  sometimes  permit  the  identification  of  substances  cau- 
sing the  spectral  changes.  If  e.g.  the  difference  spectrum  is 
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equal  to  the  difference  of  the  absorption  spectra  of  oxidized 
and  reduced  cytochrome,  this  shows  that  upon  illumination  a  cy- 
tochrome becomes  oxidized.  Similarly,  if  the  fluorescence  dif- 
ference spectrum  is  equal  to  the  fluorescence  spectrum  of  chlo- 
rophyll a,  this  means  that  the  chlorophyll  a  fluorescence  in- 
creases upon  illumination.  Difference  spectra  determined  between 
various  time  limits  make  it  possible  in  principle  to  analyze 
the  time  course  of  photo synthetic  intermediates  which  show  ab- 
sorption or  fluorescence  changes  upon  illumination. 

By  measuring  the  effectivity  of  the  actinic  light  as  a  func- 
tion of  the  wavelength,  it  is  possible  in  principle  to  identi- 
fy the  pigments  which  are  responsible  for  the  photochemical  re- 
action or  reactions  which  cause  changes  in  the  absorption  spec- 
trum or  the  fluorescence  spectrum.  If  these  changes  are  quali- 
tatively different  in  light  of  different  actinic  wavelengths, 
then  it  follows  that  more  than  one  photochemical  reaction  dri- 
ven by  pigment  systems  with  different  absorption  spectra  occurs. 
This  is  the  case  in  oxygen  evolving  photo synthesizing  organisms. 
In  fluorescence  experiments  one  more  parameter  is  available: 
the  wavelength  of  the  exciting  light.  The  action  or  effective- 
ness spectrum  for  exciting  the  fluorescence  of  a  certain  com- 
pound is  proportional  to  the  sum  of  the  absorption  spectra  of 
the  fluorescing  substance  and  of  the  absorption  spectra  of 
other  pigments  multiplied  by  the  efficiences  of  transfer  of  ex- 
citatien  energy  from  these  pigments  to  the  fluorescing  substan- 
ce     • 

Since  it  is  possible  to  bring  about  oxidation  or  reduction 
of  a  great  number  of  non-physiological  substances  by  means  of 
extracts  of  bacteria  or  higher  plants,  it  is  in  general  not 
possible  to  conclude  from  these  experiments,  whether  a  certain 
redox  reaction  occurs  in  the  living  cell,  even  if  the  reacting 
substances  are  known  to  occur  in  the  cell.  For  this  reason 
mainly,  we  have  concentrated  on  studying  reactions  in  intact 
cells  in  order  to  establish  which  reactions  occur  i^  vivo. 
Most  if  not  all  reactions  observed  by  absorption  and  fluores- 
cence techniques  in  living  cells  were  redox  reactions.  In  order 
to  find  out  whether  a  reaction  is  a  main  pathway  in  photosyn- 
thesis or  a  side  reaction,  the  quantum  efficiency  of  this  re- 
action may  be  determined.  Since  the  quantum  requirement  per 
hydrogen  atom  or  electron  transported  for  COp  reduction  is  2, 
an  efficiency  of  the  same  order  of  magnitude  may  be  expected 
for  the  redox  reactions  in  the  photo synthetic  chain. 
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(Qualitative  evidence  suggests  a  hydrogen  transport  scheme 
with  two  different  photochemical  reactions  in  series.  If  the 
two  pigment  systems  have  different  pigment  compositions,  in  ab- 
sence of  interaction  two  different  action  spectra  for  the  va- 
rious reactions  are  found  under  the  appropriate  conditions.  We 
feel  that  quantitative  data, such  as  quantum  efficiences  and  ac- 
tion spectra  for  the  various  reactions,  are  very  useful  per- 
haps necessary  criteria  to  establish  whether  a  hydrogen  trans- 
port scheme  may  be  correct. 

RESULTS  AlID  IKTERPRETATION 


For  the  sake  of  brevity  the  results  will  not  be  discussed  in 
a  historical  and  inductive  sequence,  but  rather  in  a  logical 
and  deductive  one.  The  mechanism  of  hydrogen  or  electron  trans- 
port in  algae  or  higher  plants  is  discussed  at  the  hand  of  the 
scheme  shown  in  Fig.  1. 

The  arrows  point  into  the  direction  of  hydrogen  transport.  Of 
the  two  components  of  the  redox  couples, only  the  component  pre- 
ponderant in  darkness  is  represented.  Cytochrome  C  420  occurs 
in  darkness  in  the  reduced  form.  The  approximate  B*  values  of 
the  redox  couples  are  indicated  at  the  left  side:  tne  more 
strongly  reduciiig  redox  couples  occur  at  the  top  of  the  drawing. 
The  two  heavy  upward  pointing  arrows  indicate  the  two  primary 
photochemical  reactions,  2  and  1,  symbolized  by  the  light  quan- 
ta hv2  and  hv-^.   Most  other  arrows  point  downward* which  indica- 
tes that  the  reactions  occur  spontaneously  with  a  loss  of  free 
energy.  Such  reactions  may  be  "coupled"  to  a  reaction  in  which 
a  gain  of  free  energy  occurs:  the  phosphorylation  of  ADP.  The 
two  primary  photochemical  reactions,  photoreactions  1  and  2, 
&xe   driven  by  two  distinct  pigment  systems  with  different  ab- 
sorption and  action  spectra.  Action  spectra  of  these  systems  are 
shown  for  two  species  as  inserts  in  the  scheme.  The  action  spec- 
trum of  pigment  system  1  in  the  red  alga  Porphyridium  cruentun 
shows  that  for  photoreaction  1  quanta  incident  at  680, 

which  are  mainly  absorbed  by  chlorophyll  a,  are  about  equal- 
ly effective  as  quanta  absorbed  at  56O  mfi  mainly  by  the  "acces- 
sory pigment"  phycoerythrin  .  The  spectrum  of  system  2  shows 
that  quanta  incident  at  56O  mji,  which  are  absorbed  mainly  by 
the  phycoerythrin  of  pigment  system  2,  are  much  more  effective 
in  photoreaction  2  than  quanta  incident  at  680  or  430  ofi,  which 
are  absorbed  by  chlorophyll  a^  .  Comparison  of  the  action  spectra 
of  the  two  systems  shows  that  light  absorbed  by  Porphyridium 
at  680  and  43O  m^  is  more  effective  in  exciting  pigment  system 
1  than  system  2,  and  that  light  absorbed  at  56O  a*i  is  more  ef- 
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rlydi"o^»n   or  fle^trori 
transport,   in  phptosynthetis 


^M  ""I* 


Pig.  1.  Scheme  for  photosynthesis.  The  direction  of  hy- 
drogen or  electron  transport  of  oxygen  evolving  photo syn- 
thetic organisms  is  indicated  by  the  direction  of  the  ar- 
rows. The  redox  substances  surrounded  by  a  rectangle  may 
be  partly  bypassed.  The  two  light  reactions  are  represen- 
ted by  the  large  open  arrows.  Action  spectra  of  the  two 
pigment  systems  driving  these  reactions  are  shown  for  two 
algal  species.  A  more  detailed  description  is  given  in 
the  text. 


fective  in  excitixxg  system  2.  In  Chlorella,  chlorophyll  b  is  more 
active  in  system  2.  Both  systems  contain  about  equal  amounts  of 
chlorophyll  a,  but  a  form  of  chlorophyll  a  with  absorption  at 
lunger  wavelengths  is  preponderant  in  system  1.  Wavelengths 
shorter  than  680  m^x^  are  more  effective  for  system  2  than  for 
system  1  in  Chlorella.  The  relative  amounts  and  activities  of 
the  various  pigments  being  present  in  the  two  systems  is  not 
only  different  for  different  species,  but  also  for  different 
cultures  of  the  same  species. 
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Evidence  for  the  occurrence  of  the  redox  couples  shown  in 
Fig.  1  will  be  discussed  below.  We  restrict  ourselves  here  to 
a  few  general  statements.  According  to  the  scheme* upon  onset 
of  illumination  a  reduction  will  occur  of  all  compounds  at  the 
right  hand  side  at  the  top  of  the  scheme,  and  an  oxidation  of 
H2O  and  ZH.  Upon  illumination  with  light  of  a  wavelength,  which 
ia  mainly  absorbed  by  system  1  (and  which  we  call  light  1.  such 
as  430  and  680  mn  in  Porphyridium,  or  700  mjx  in  Chlorella) , 
redox  components  in  between  the  two  systems,  such  as  ^  and  PH, 
tend  to  accumulate  in  the  oxidized  state;  in  light  2  (such  as 
light  of  560  mM  in  Porphyridium  and  of  wavelength  shorter  than 
680  mji  in  Chlorella)  these  redox  couples  may  be  expected  to  ac- 
cumulate in  the  reduced  state.  Upon  darkening,  the  initial  re- 
dox state  in  the  dark  is  usually  reestablished  due  to  reactions 
with  redox  substances  shown  in  the  scheme,  or  with  other  cell 
constituents.  The  action  spectrum  for  the  initial  r^te  of  re- 
duction of  X  and  all  compounds  written  at  the  right  hand  side 
of  Xwill  be  proportional  to  the  action  spectrum  of  system  1;  the 
same  will  be  true  for  the  initial  rate  of  oxidation  of  the  sub- 
stances between  system  1  and  2,  with  the  exception  of  ^,   if  the 
electron  or  hydrogen  transport  between  Q  and  the  substances  is 
interrupted  by  an  inhibitor  such  as  DCMU,  In  the  presence  of 
this  inhibitor,  the  action  spectrum  for  the  initial  rate  of  re- 
duction of  <^  will  be  proportional  to  the  action  spectrum  of 
system  2.  The  overall  electron  or  hydrogen  transport  during 
steady  state  photosynthesis  will  be  limited  by  that  system  which 
has  the  smallest  activity  at  the  wavelength  of  the  actinic 
light.  Thus,  the  action  spectrum  of  photosynthesis  will  follow 
the  lower  of  two  curves  shown  in  the  inserts  of  Pig.  1.  If,  on 
the  other  hand,  the  action  spectrum  of  photosynthesis  is  mea- 
sured in  the  presence  of  a  strong  constant  background  of  light » 
mainly  absorbed  "by  system  2,  this  action  spectrum  will  be  pro- 
portional to  the  action  spectrum  of  eystoaO.  ^   ,  and  vice  versa. 
This  was  in  fact  the  way  French  and  Myers  ineasured  action  spectra 
of  Chlorella,  and  we  have  interpreted  these  spectra  as  action 
spectra  of  system  1  and  2.  The  spectra  for  Porphyridium,  also 
shown  in  Fig.  1,  were  measured  in  various  ways  (see  below). 

The  scheme  of  Fig.  1  makes  it  possible/to  understand  the 
'•  Emerson  effect  ",  Emerson's  discovery  ^  '  stimulated  research 
that  established  and  identified  the  two  algal  photosynthetic 
systems.  This  effect  may  be  formulated  and  "explained"  as  fol- 
lows (cf.   ),  If  light  beams  1  and  2  (e.g.  light  of  700  and 
650  m^.  respectively  in  Chlorella,  or  68O  and  56O  mjx  in  Porphy- 
ridium) are  applied  simultaneously,  then  the  rate  of  photosyn- 
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thesis  in  both  beams  applied  together  is  foiuid  to  be  greater 
than  the  sum  of  the  rates  in  each  beam  separately.  In  light  1, 
system  1  is  producing  oxidized  intermediates  at  a  higher  rate 
than  system  2,  and  in  light  2,  system  2  is  producing  reduced 
intermediates  at  the  higher  rate.  If  both  beams  are  applied 
simultaneously,  the  oxidized  and  reduced  intermediates  formed 
in  excessin  each  beam  separately  react  with  each  other,  which 
results  in  an  enhanced  electron  transport  or  an  enhanced  rate 
of  photosynthesis. 

Cytochrome  reactions 

Purple  bacteria.  Illumination  of  PB^P?)®iV^9$®f4^  causes  the 
oxidation  of  one  or  more  cytochromes^  *   *  *   *   •  In  purple 
bacteria  presumably  only  one  photochemical  system,  analogous 
but  not /identical  to  system  1  in  algae  and  higher  plants  is 
present^   *   .  Oxidized  cytochrome  may  be  reduced  either  by 
a  so-called  hydrogen  donor,  which  has  a  function  analogous  to 
H2O  in  algae,  or  by  a  reductant,  e.g.  by  XH,  formed  in  the 
light.  In/ ihe,  latter  reaction  so-called  cyclic  phosphorylation 
may  occur   '   .  The  sequence  of  the  reactions  in  purple  bac- 
teria between  the  various  cytochromes  present,  has  not  yet  been 
definitely  established.  Olson  and  Chance^   'made  an  extensive 
investigation  of  cytochromes  in  the  purple  bacteria  Chromatium. 
They  concluded  that  at  least  four  cytochromes  were  present,  dis- 
tinguished by  different  time  courses  and  difference  spectra. 
One  of  these  cytochromes,  G  423,5  (with  a  difference  spectrum 
having  a  soret  maximum  ^*/4S^»5  uni)  is  still  oxidized  at  the 
temperature  of  liquid  air   .  Oxidation  of  other  cytochromes 
was  not  observed  at  this  temperature,  but  it  was  suggested  that 
the  oxidation  of  these  cytochromes  could  not  be  observed,  be- 
cause these  cytochromes  were  oxidized  spontaneously  in  darkness 
during  cooling. 

The  rate  of  oxidation  of  C  423.5  was  the  same  at  -I96  as  at 
20  C.  Cytochrome  photooxidation  ie  an  extremely  efficient  reac- 
tion. Assuming  that  the/Sgecific  absorption  difference  at  420 
m|i  is  62  /(mM»cm),01son     calculated  that  the  number  of  quanta 
required  for  the  oxidation  of  one  cytochrome  molecule  (the 
quantum  requirement)  was  about  1  within  rather^large  limits  of 
error.  Making  similar  assumptions,  Vredenberg     calculated  a 
minimum  requirement  of  0.6,  which  suggests  that  the  true  quantum 
requirement  is  1  and  that  the  true  specific  absorbancy  diffe- 
rence at  423  mji  is  about  100  /(mM'cm).  The  equality  of  the  rates 
(and  thus  that  of  the  quantum  requirements of  cytochrome  oxidation) 
at  20  and  at  -I70  C  was  confirmed.  However,  it  was  found  that 
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the  rate  (or  the  quantum  requirement)  decreased  at  -220  C,   Also 
it  was  established  that  all  cytochromes,  which  were  at  20  C  in 
the  reduced  state,  remained  in  the  reduced  state  during  cooling 
in  the  dark;  except  for  C  423.5,  no  photooxidation  occurred  at 
-170°C.  The  rate  of  photooxidation  of  cytochrome  C  422  strongly 
decreased  for  temperatures  below  -90  C  (see  Pig.  2), 
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of  cyto- 
chrome C  422  in  Chromatium  "•   'at  various  temperatures 
but  for  the  same  intensities.  The  initial  rate  of  oxi- 
dation decreases  below  -90  C. 


The  decrease  in  the  rate  upon  lowering  the  temperature  was  re- 
latively more  pronounced  at  higher  intensities  of  the  actinic 
light,  which  also  indicated  that  the  rate  was  limited  by  a  tem- 
perature dependent  reaction.  The  photooxidation  of  C  422  (above 
-90^C)  was  observed  under  conditions,  in  which  C  423.5  ''as  oxi- 
dized, and  was  found  to  proceed  with  a  quantum  requirement  of 
1,  if  the  specific  absorbancy  difference  is  assumed  to  be  100/ 
(mWcm).  These  dark  redox  reaction  may  differ  from  other  dark 
reactions  which  stop  at  temperatures  close  to  the  freezing 
point  in  that  the  participating  molecules  do  not  have  to  diffuse 
before  reacting.  These  observations  suggest  that  C  423.5  ^^^ 
C  422  are  located  on  the  same  protein  or  cell  constituent,  and 
that  oxidation  of  C  423.5  causes  a  change  in  confirmation  of 
this  protein,  which  brings  the  haem  moiety  of  C  422  in  the^right 
position  to  be  photooxidized  even  at  a  temperature  of  -100  C  by 
the  probably  adjacent  primary  photooxidant,  P  890  (see  below), 

Cy to chrome  reactions  in  algae.  The  absorption  difference 
spectrum,  light  minus  dark,  of  the  red  alga  Porphyridium  cruen^ 
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tuBj which  has  peaks  at  420  and  555  Ba|i,is  similar  but  not  iden- 
TTcal  to  the  difference  of  thi'^ab sorption  spectra  of  oxidized 
and  reduced  cytochrome  f  or  £.  We  call  this  cytochrome  C  420. 
The  maximum  of  the /difference  spectrum  of  cytochrome  £  in  vitro 
occurs  at  a  424  mn\ 21 123)5  the  band  shift  may  have  been  caused 
by  the  extraction  procedure* slnv contradistinction  to  the  action 
spectrum  of  photosynthesis^-''^   ,  which  shows  much  stronger 
photo  synthetic  activity  of  phycoerythrin  thaja^of  chlorophyll  a, 
the  action  spectrum  for  cytochrome  oxidation  (2)' shows  strong 
activity  for  chlorophyll  a  but  little  activity  for  phycoery- 
thrin; furthermore,  the  kinetics  of  cytochrome  oxidation  were 
qualitatively  different  at  680  and  56O  mii,  which  indicated  that 
at  least  two  photochemical  reactions  participated  in  the  cyto- 
chrome reactions.  If  the  cytochrome  is  brought  in  the  oxidized 
state  by  illumination  with  actinic  light  of  68O  m^,   addition 
of  ^strong  light  of  5^0  m|i  caused  a  reduction  of  the  cytochrome 
U5»o7^  As  discussed  in  the  introduction,  oxidation  by  light  1 
and  reduction  by  light  2  can  be  explained  by  means  of  scheme  1, 
and,  in  fact,  a  scheme  like  this  was  first  proposed  on  basis  of 
the  cytochrome  reactions.  The  light-driven  reduction  of  cyto- 
chrome was  inhibited  by  DGMU,  hydroxylamine  or  M-ethylure thane. 
This  suggests  that  these  inhibitors  inhibit  one  or  more  reac- 
tions between  photoreaction  2  and  C  420,  Evidence  will  be  gi- 
ven below  that  DCMU  inhibits  between  ^   and  quinone.  Prom  scheme 
1  it  follows  that  in  the  presence  of  an  inhibitor  like  DCMU  the 
action  spectrum  for  the  initial  rate  of  C  420  oxidation  is  pro- 
portional to  the  action  spectrum  of  system  1.  The  action  spec- 
trum of  system  1  of  Porphyridium  between  540  and  710  mix  shown 
in  the  insert  of  the  scheme  was  determined  in  this  way.  The  ac- 
tion spectrum  of  photosynthesis,  measured  against  a  background 
of  relatively  strong  light  of  56O  m^  is, according  to  the  dis- 
cussion in  the  introduction,  also  proportional  to  the  action 
spectrum  of  system  1,  and  was  found  to  be  similar  to  the  action 
spectrum  for  cytochrome  oxidation,  albeit  not  identical.  So  far 
only  ad  hoc  explanations  have  been  given  of  the  deviation  be- 
tween the  two  spectra   .  Similar  observations  were  made  for 
the  blue-green  alga  Anacystis  nidulans  ^^4;, 

Phospho pyridine  nucleotide  reduction.  Upon  illtimination  of 
photosynthetic  organisms  an  increase  in  fluorescence  in  general 
occurs  in  the  blue  region.  The  fluorescence  difference  spectrum 
and  that  for  the  excitation  of  this  fluorescence  are  similar 
to  the  corresponding  spectra  of  PNH  bound  to  an  enzyme.  Since 
DPN  and  TPN  do  not  fluoresce,  these  experiments  indicate  that 
upon  illumination  of  photosynthetic  organisms  reduction  of  py- 
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(25) 
ridine  nucleotide  occvirs^   . 

In  algae,  pyridine  nucleotide  reduction  could  be_mo8t  readily- 
studied  in  the  blue-green  alga  Anacystia  nidulansC^A),  As  pre- 
dicted by  the  scheme  of  Pig,  1,  the  action  spectrum  for  the  ini- 
tial rate  of  pyridine  nucleotide  reduction  was  found  to  be 
roughly  proportional  to  the  action  spectrum  for  C  420  oxidation 
in  the  presence  of  an  inhibitor  of  the  cytochrome  reducing  re- 
action. Measurements  of  the  quantum  requirement  for  this  reduc- 
tion were  consistent  with  the  assumption  that  one  hydrogen  ab- 
sorbed by  system  1  was  sufficient  for  the  transport  of  one  hy- 
drogen-equivalent to  pyridine  nucleotide.  Since  about  8  quanta 
(absorbed  by  both  pigment  systemsl^are  probably  necessary  for 
the  reduction  of  1  C0„  molecule  (26),  this  implies  that  each 
photochemical  system  requires  one  quantum  per  transported  hy- 
drogen atom  or  electron.  The  quantum  requirement  for  C  420  oxi- 
dation by  system  1  is  estimated  to  be  higher/th^n  2  for  Porphy- 
ridium  ^   '  and  still  higher  for  Anacystis  '(24),  which  suggests 
that  part  of  the  hydrogens  transported  from  OH  to  P  700  bypasses 
C  420.  For  this  reason  we  have  put  C  420  within  a  rectangleo 

Vredenberg  (unpublished  observations)  observed  a  auch  higher 
efficiency  for  cytochrome  oxidation  after  cooling  to  2  C. 

Quinone  reactions 

Addition  of  plastoquinone  stimulates  the/Hill  reaction  under 
certain  conditions  as  first  shown  by  Bishop    .  This  has  been 
taken  as  a  proof  of  participation  of  plastoquinone  as  a  redox 
intermediate  in  the  Hill  reaction.  It  is  also  conceivable,  how- 
ever, that  the  quinone  acts  as  a  structural  factor,  which  is 
necessary  for  optimal  rate  of  the  Hill  reaction.  Also  the  ob- 
servation that  quinones  are  reduced  or  oxidized  by  chloroplasts 
does  not  prove,  as  was  argued  in  a  general  way  in  the  introduc- 
tion, /that  quinone  is  a  photosynthetic  intermediate.  Recently 
Amesz^   'obtained,  upon  illumination  of  the  blue-green  alga 
Anacystis,  in  the  ultraviolet  region  a  difference  spectrum  which 
was  similar  to  the  difference  spectrum  of  oxidized  minus  reduced 
plastoquinone  (see  Fig.  3).  Fig.  3  then  indicates  that  light  ab- 
sorbed by  system  1  causes  oxidation  of  quinone,  and  that  light 
absorbed  by  system  2  favors  its  reduction.  The  reduction  of  qui- 
none was  inhibited  by  low  concentrations  of  DCMU.  The  time 
courses  of  the  oxidation  and  reduction  indicate  thatthe  quantum 
efficiency  for  these  reactions  is  rather  high.  The  tl^   value  of 
quinone,  and  the  fact  that  DCMU  inhibits  quinone  reduction  in- 
dicates that  quinone  is  located  between  *4  and  C  420.  The  amoxait 
of  quinone  participating  in  this  light-driven  redox  reaction  is 
only  about  1^  of  the  amount  of  chlorophyll  ^  present.  This  is 
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Fig.  3.  The  difference  spectrum  with  the  blaok  circles  is 
the  abserbancy  difference  of  the  steady  states  in  intense 
light  of  680  DM  (light  l)  and  in  light  of  620  mi   (light  2), 
and  that  with  open  circles  is  the  absorbancy  difference 
at  lower  intensities,  between  the  steady  states  in  light 
of  680  and  620  mji  and  in  light  of  620  mji  alone.  The  bro- 
ken curve  is  the  difference  of  the  spectra  of  oxidized  and 
reduced  plastoquinone.  The  first  spectrum  indicates, 
that  besides  oxidation  of  quinone  in  light  of  680  n^ 
other  reactions  occur. 


only  a  small  fraction  of  the  total  amount  of  the  quinones,  which 
are  present  in  the  chloroplast(at  a  concentration  of  about  1/10 
of  that  of  chlorophyll). It  was  not  possible  to  conclude  from 
the  difference  spectrum,  which  of  the  numerous  quinones  dis- 
covered in  chloroplasts  is  the  photoactive  one. 
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The  primary  photooxidanta  of  system  _1 :  P  89O  and  P  700 

The  first  observed  reversible  change  in  absorbancy  upon  il- 
lumination of  photo synthesizing  organisms  was  a  decrease  in  ab- 
sorption close  to  the  baoteriochlorophyll  peak  at  around  89O  m^ 
in  purple  bacteria^-^*  ■^',  In  various  species  studied,  this  de- 
crease was  accompanied  by  an  decrease  at  about  810  m^i  and  an 
increase  of  absorption  at  about  790  m^i.  These  absorption  chan- 
ges were  attributed  to  the  oxidation  of  a  small(about  27^)  spe- 
cial fraction  of  the  bacteriochlorophyll,  which  fraction  we 
now  call  PH  89O.  Since  the  maximum  of  the  differegge  spectrum 
of  PH  890  varies  iHpdifferent  purple  bacteria  ^-^'   and  under 
various  conditions^   ^in  a  similar  way  as  the  maximum  of  the 
absorption  spectrum  of  the  bacteriochlorophyll-type  B  89O  (see 
the  next  paragraph),  PH  89O  is  probably  closely  related  to  bac- 
teriochlorophyll, but  not  necessarily  chemically  identical.  The 
shape  of  the  difference  spectrum  indicates  that  PH  89O  consists 
of  at  least  two  bacteriochlorophyll-like  molecules,  one  with 
a  maximum  at  about  8IO,  the  other  with   a  maximum  between  87O 
and  890  mn,  depending  upon  the  species.  Upon  photoconversion 
of  PH  890  to  P  890  the  maxima  shift  from  about  810  and  89O  m^ 
to  about-7^0  and  I25O  m|i.  The  last  maximum  was  observed  by 
Clayton wO).  Similar  changes  in  the  infrared  region  can  be 
brought  about  by  adding  mixtures  of  potassium  ^errj-r  and  fer^i- 
cyanide.  The  E'n  value  of  P  was  found  to  be  0.^1^   ',  ^'^^^K^N 
and  about  O.44  (Duysens,  unpublished  observation).  Clayton^ 
provided  direct  evidence  indicating  that  the  absorption  peeik 
at  890  mil  was. almost  completely  bleached  upon  oxidation.  Arnold 
and  Clayton    made  the  important  observation  that  the  lig^* 
induced  changes  in  infra-red  absorption  occurred  even  at  1  K 
in  dried  extracts  of  bacteria. 

In  purple  bacteria,  the  bulk  of  the  pigments  consists  of  ca- 
rotenoids  and  three  bacteriochlorophyll  types,  called  B  800, 
B  850  and  B  890  after  the  approximate  location  of  the  absorp- 
tion maxima, which  vary  somewhat  from  species  to  species.  Only 
B  890  shows  fluorescence.  Light  energy  absorbed  by  the  carote- 
noids  and  the  other  bacteriochlorophyll  types  besomea  only  ac- 
tive in  photosynthesis  through  transfer  to  B  890^^*-^.  The 
fluorescence  yield  increases  upon  increasing  the  intensity  of 
the  actinic  light.  The  increase^occurs  at  lower  intensities  in 
the  absence  of  hydrogen  donors^  -^.  A  quantitative  correlation 
was  found  under  various  conditions  between  the  increase  i^'i^) 
fluorescence  and  the  decrease  in  absorption  aroxaid  89O  mix    • 
These  observations  can  be  quantitatively  explained  by  the  hy- 
pothesis that  excitation  energy  is  transferred  from  B  89O  to 
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FE  890 ;  upon  receiving  a  quantum,  FH  S90  is  bleached,  yielding 
F  890.  Since  energy  transfer  by  induced  resonance  requires  ab- 
sorption of  the  energy  receiving  molecule  in  the  region  of  the 
fluorescence  spectrum  of  the  energy  transferring  molecule,  the 
transfer  of  energy  from  B  89O  to  FH  890  stops  and  the  fluores- 
cence yield  of  B  89O  increases.  For  a  simple  energy  transfer 
model,  if  it  is  assumed  that  FH  89O  does  not  fluoresce,  a  line- 
ar relation  can  be  derived  between  the  inverse  of  the  fluores- 
cence yield  and  the  increase  in  absorption.  Experimentally,  a 
linear  relationship  is  observed  indeed,  which  supports  the  hy- 
pothesis. fkX^   confirms  the  earlier  suggestion  of  Wassink  and 
coworkers     that  bacteriochlorophyll  fluorescence  increases 
because  the  "energy  acceptor"  of  photosynthesis  becomes  exhaus- 
ted. /  gN 

In  algae  and  chloroplasts,  Kok^   'observed  a  decrease  in  ab- 
sorption at  700  m|i,  which  was  in  several  aspects  similar  to  the 
bleaching  at  89O  m^   in  pxirple  bacteria.  The  bleaching  could  also 
be  brought  about  by  mixtures  of  potaBsiumQferri-/and  ferrocya- 
nide,  the  E'q  value  being  about  0.44^   '.  Kok^^  'also  obser- 
ved that  the  bleaching  was  brought  about  most  strongly  by  light 
absorbed  by  system  1,  and  concluded  from  indirect  evidence 
that  the  bleaching  was  reversed  by  light  absorbed  by  system  2, 
in  a  similar  way  as  the  oxidation-reduction  shifts  in  cytochrome 
C  420,  Vredenberg  (unpublished  observations)  confirmed  this 
conclusion  directly.  Thus  F  700  is  probably  located  between 
systems  2  and  1.  The  high  E'q  value  and  other  evidence  indi- 
cates that  F  700  is  located  between  C  420  and  system  1.  Fresu- 
mably  F  7OO  is,  as  Kok  suggested,  the  primary  oxidant  of  system 
1.  Because  of  technical  difficulties,  it  was  so  far  not  possi- 
ble in  our  laboratory  to  establish  a  quantitative  correlation 
between  the  bleaching  of  FH  70O  and  the  increase  in  fluores- 
cence of  chlorophyll  aj^,  i.e.  the  chlorophyll  a  of  system  1. 
The  main  difficulty  was,  that  the  fluorescence  of  chlorophyll 
a^^  is  snail  compared  to  the  fluorescence  of  the  chlorophyll  a 
of  system  2.  There  is,  however,  indirect  evidence  that  chloro- 
phyll a^  3^?2|  fluorescence  and  that  changes  in  this  fluores- 
cence occur ^  *      i   in  addition  to  changes  in  the  fluorescence 
yield  of  chlorophyll  a^  and  &2f    there  are  also  fluorescence 
changes  at  720  and  in  some  species  at  730  mji.  The  infrared 
fluorescence  is-primarily  excited  by  blue  light^  >-J»5>42; 
(see  also  ^^*   ^^  . 

Changes  in  the  fluorescence  yield  of  chlorophyll  &2   and  their 
correlation  with  a   primary  pho tore due tant  of  system  2* 

The  action  spectrum  for  the  excitation  of  the  chlorophyll  a 
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fluorescence  in  Porphyridixim  cruentum  shows  Hnich  more  pron( 
ced  activity  of  phycoerythrin  than  of  chlorophyll  a^  '   ,(see 
also^  ).  Prom  this  it  follows  not  only  that  excitation  energy 
is  transferred  from  phycoerythrin  to  the  fluorescing  chloro- 
phyll a,  but  also  that  the  fluorescence  is  mainly  caused  by  the 
chlorophyll  a  of  system  2.  From  the  observation  that  the  ratio 
of  the  value  at  the  phycoerythrin  maximum  and  that  at  the  chlo- 
rophyll a  maximum  was  larger  for  the  action  spectrum  of  chloro- 
phyll a  fluorescence  than  for  the  absorption  spectrum,  it  had 
been  already  earlier  concluded  that  two  forms  of  chlorophyll  a 
occurred.  One  of  these  is  a  fluorescent  form,  receives  its  ener- 
gy to  a  large  extent  from  phycoerythrin  and/the\other  is  non- 
or  weakly  fluorescent  form  of  chlorophyll  a^^'-'',  Thes^gforms 
were  recently  called  chlorophyll  a^  and  chlorophyll  a^^   • 

Upon  illumination  of  a  suspension  of  Porphyridium  cruentum, 
which  previously  had  been  in  the  dark,  with  green  light  (light 
2)  the  fluorescence  yield  rapidly  increased,  by  a  factor  of 
about  two,  and  then  slowly  declined  to  a  steady  state  value, 
which  was  only  slightly  higher  than  the  value  in  the  dark.  The 
excitation  spectrum  for  this  fluorescence  increase  revealed 
that  it  was  caused  by  chlorophyll  &2'   ^^*   ^*  ^^^   maximum  of  the 
increase  in  fluorescence  yield,  or  shortly  thereafter  a  strong 
blue  beam  was  admitted  in  addition  to  the  green  actinic  beam, 
the  fluorescence  yield  rapidly  dropped  to  a  value  not  much 
higher  than  the  steady  state  value.  This  phenomenon  was  obser- 
ved for  all  species  of  algae  of  different  groups  investigated: 
for  various  red  and  blue-breen\algae,  the  green  alga  Chlorella 
and  for  spinach  chloroplasts^   «  Light  2  was  found  to  strongly 
increase  the  chlorophyll  a^  fluorescence  and  light  1  to  lower 
this  enhanced  fluorescence.  If  these  changes  are  attributed  to 
chemical  changes  in  a  compound  Ci  present  in  the  neighbourhood 
of  chlorophyll  &2,    then  it  can  be  concluded  from  scheme  1  that 
^   is  located  between  systems  2  and  1.  Apparently  the  oxidized 
form  "^     quenches  the  fluorescence,  and  the  reduced  form  GiH  does 
not  quench  the  chlorophyll  a^   fluorescence.  DGMU  does  not  inhi- 
bit the  increase  in  fluorescence,  but  it  abolishes  the  decrease 
in  fluorescence  (or  the  reoxidation  of  ^iH)by  light  1.  Apparently 
^  ±3   different  from  C  420,  P  700,  or  quinone,  since  the  reduc- 
tion of  these  compounds  and  not  the  oxidation  is  inhibited  by 
DCMU.  Furthermore  the  first  two  compounds  are  in  the  dark  in 
general  present  in  the  reduced  form,  while  Q,  is  present  in  the 
oxidized  form.  In  spinach  chloroplasts  the  chlorophyll  fluores- 
cence is  strongly  enhfinced  by  the  addition  of  a  small  amount  of 
dithionite.  These  experiments  show  that  <^,  is  located  between 
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system  2  and  the  other  compounds  mentioned,  and  suggest  that 
QB  is  the  primary  photoreductant  of  system  2. 

It  was  observed  (Duysens  and  Kamp,  unpublished  experiments) 
by  means  of  an  oscillographic  technique  that  by  illuminating  a 
suspension  of  Chlorella  by  means  of  an  electronic  flash  the 
yield  of  the  fluorescence  at  685  m^i  mainly  due  to  chlorophyll 
a2  could  be  tripled. 


10  '°einstein/cm* 
I 


Fluorescence  yield  ^  at  685  mu  as  a  function  of  total  in- 
cident energy     ,  for  flashes  of  relative  intensities 
varying  from  2.6  to  100.  The  initial  increase  depends  upon 
the  total  energy  but  not  upon  the  intensity  of  the  flash. 
For  intense  flashes  for  which  the  risetime  of  the  fluo- 
rescence yield  is  of  the  order  of  10  ^l8ec  the  maximxim 
level  attained  decreases. 

Fig.  4  shows  that  the  initial  increase  in  a  rather  wide  range 
of  intensities  studied,  is  proportional  to  the  absorbed  energy, 
and  independent  of  the  intensity  of  the  flash.  If  the  intensi- 
ty is  sufficiently  high  that  the  risetime  becomes  shorter  than  10 
jisec,  then  the  yield  does  not  increase  up  to  the  maximum  at- 
tained at  lower  flash  intensities.  The  shape  of  the  time 
course  depends  on  the  conditions  of  the  algae,  but  the  appro- 
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ximate  proportionality  of  the  initial  rate  of  increase  with  in- 
tensity and  the  progressive  depression  of  the  "steady  state"  at 
increasing  flash  intensities  are  general  phenomena.  Apparently 
this  depression  is  caused  either  directly  or  indirectly  by  a 
light  reaction.  In  some  experiments  the  fluorescence  yield  goes 
through  a  maximum  and  decreases  appreciably  below  the  value 
achieved  within  10  usee  after  the  starting  of  the  flash:  the 
strongest  depression  appeared  to  occur  after  about  100  jisec. 
Whether  the  depression  is  caused  by  a  rapid  reoxidation  of  QH 
by  P  700  »by  another  component  of  system  1,    by  a  short  cirr 
cuit  of  Z  to  QH,  or  by  another  reaction  is  a  subject  of  fur- 
ther experimentation. 

Photo synthetic  pho sphoryla tion 

We  do  not  have  experimental  evidence  on  the  sites  of  phos- 
phorylation. As  far  as  I  know  most  experimental  evidence  from 
other  laboratories  is  consistent  with  the  assumption  that  non- 
cyclic  photophosphorylation(46)  occurs  between  QH  and  P,  and 
analogy  with  the  respiratory  system  suggests  that  plastoquinone 
and  cytochrome  may  participate  in  the  pho sphoryla ting  reactions. 
The  possible  sites  of  phosphorylation  are  given  in  the  scheme 
by  the  arrow  with  ADP.  The  fact  that  cyclic  phosphorylation  in 
chloroplasts  is,  under  certain  conditions,  not  inhibited  by 
DCMU  suggests  then  it  occurs  in  dark  reactions  between  XH  and 
P  700.  The  free  energy  loss  in  this  redox  reaction  would  be 
sufficient  to  permit  the  production  of  2  molecules  of  ATP  per 
2  electrons  transported,  but  the  measured  quantum  requirements 
indicate  a  two  times  lower  efficiencj(47)  , 


SmOMARY 


A  discussion  is  given  of  experimental  evidence  obtained  in 
our  laboratory  concerning  the  mechanism  of  hydrogen  or  electron 
transport  in  photosynthesis.  A  scheme  is  given  in  which  two  dif- 
ferent photochemical  reactions  operate  in  series.  Unpublished 
experiments  are  presented  concerning  the  presumed  primaiy  pho- 
toreductant  of  the  system  2  (which  system  is  closely  connected 
to  the  production  of  oxygen),  and  concerning  the  photooxidation 
of  cytochromes  in  purple  bacteria  at  low  temperatures.  It  is 
shown  that  the  initial  rate  of  these  photooxidations  is  de- 
creased upon  lowering  the  teciperature,  and  it  is  argued  that 
the  cytochrome  oxidation  is  a  temperature  dependent  dark  reac- 
tion. However,  at  "normal"  intensities  the  rate  of  this  reaction 
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becomes  only  limiting  at  very  low  temperatures,  for  some  cyto- 
chromes at  -100  C  or  even  lower. 
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CORRELATION  BETl'.rEEN  ABSORPTION  CHAl^IGES  AND  ELECTRON  TRANSPORT  IN 

PHOTOSYNTHESIS 

B.  Rumberg,  P.  Schmidt-Mende ,  J.  Weikard  and  H.T.  Witt 

With  the  method  of  sensitive  flash  photometry  we  separated 
and  analyzed  as  yet  7  different  types  of  absorption  changes.  By 
this  method  it  was  possible  to  derive  a  rather  detailed  reaction 
scheme  on  the  electron  transport  system  in  photosynthesis  (1). 
In  the  following  we  will  discuss  some  more  details  which  support 
the  probability  of  this  scheme. 

I.  PHOTOOXIDATION  OF  CHLOROPHYLL  -  a^- 

Under  "normal"  conditions  (eJiiting  photosynthesis  with  red 
light  between  65o  -  7oo  rau)  mixed  absorption  changes  can  be  ob- 
served between  ^oo  -  800  mu  in  chloroplasts  and  chlorella  (s. 
fig.1  top)  (this  difference  spectrum  does  not  include  the  ab- 
sorption changes  with  life  times  .^  I0  ^  sec). 

The  changes  at  7o3  mu  were  discovered  by  Kok  (2).  The  com- 
pound causing  these  changes  he  called  P  7oo.  He  reported  also 
changes  at  ^5o  mu  in  inactivated  aceton-extracted  chloroplasts 
(3)  and  suggested  that  both  changes  may  be  caused  by  a  chloro- 
phyll-a.  But  according  to  our  measurements  (1)  there  exist  at 
least  5  different  types  of  absorption  changes  around  45o  mu 
caused  by  different  compounds.  Therefore,  it  is  not  established 
that  P  700  is  a  chlorophyll-a.  We  tried  therefore  to  separate 
out  of  the  overall  difference  spectrum  in  photoactive  prepara- 
tions the  spectrum  which  belongs  to  P  7oo  only. 

1  .  Separation  of  the  difference  spectrum  of  chlorophyll-a-j- 
in  3  ways 

a)  Aged  chloroplasts.  Aged  chloroplasts  (spinach)  reactivated 
by  addition  of  reduced  PIVIS  (ascorbic  acid  in  excess)  show  a 
simplified  difference  spectrum  (4)  very  similar  to  that  shown 
in  fig.1,  bottom. 

b)  Plastoquinone  extracted  chloroplasts.  Plastoquinone  ex- 
tracted chloroplasts  (by  petroleum  ether)  show  a  simplified 
spectrum  (s. fig.1,  bottom),  which  is  very  similar  to  that  men- 
tioned under  a) . 

c)  Addition  of  CMU  to  chloroplasts.  CMU-poisoned  chlorella 
or  chloroplasts  show  a  difference  spectrum  which  is  similar 
with  that  of  a)  and  b). 

d)  Trapping  at  -1^o°C.  The  difference  spectrum  of  trapped 
products  (i)  at  -150^^0  of  fresh  chloroplasts  is  shown  in  the 
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top  of  fig. 2.  It  shows  changes  around  7o$  mu  (dotted  line)  and 
in  addition  oxidized  cytochrome  (solid  line).  The  cytochrome  is 
masking  changes  around  45o  mu  which  may  be  caused  by  other  sub- 
stances. Addition  of  reduced  PMS  (phenazine  methosulf ate)  (as- 
corbic acid  in  excess),  prevents  the  trapping  of  oxidized  cyto- 
chrome (bottom  in  fig. 2).  Under  these  conditions  a  difference 
spectrum  can  be  seen  at  -15o  which  is  similar  to  that  of  a), 
b ) ,  and  c  )  . 

e)  A  fifth  method  is  described  in  7,b). 

2.  Kinetics 

During  the  flash  the  absorption  decreases  very  fast  (-i.  1o    sec 
in  chlorella).  In  the  dark  a  backreaction  takes  place  in~1o~ 
sec  at  2o^C  (fig. 5a,  6a)  (4)(5). 

5.  Identification  of  Ghl-aj 

The  upper  results  (5  equal  spectra  under  different  conditions) 
suggest  that  the  changes  at  ^5o  mu  and  7o3  mu  are  caused  by  one 
substance.  This  was  additionally  proved  by  comparing  the  kinetik 
behaviour  of  both  changes  in  reactivated  aged  chloroplasts  under 
different  conditions.  The  lifetime  and  the  magnitude  are  identi- 
cal at  both  wave-lengths  at  different  values  of  pH  (4)  (fig. 5) 
and  also  at  different  concentrations  of  added  reduced  PMS_(^). 
Decreases  of  absorption  changes  just  with  the  two  absorption 
bands  of  chlorophyll-a  indicate  that  very  probably  a  chlorophyll 
-a  (Chl-aj)  is  in  action  (-4-). 

4.  Oxidation  of  Chl-aj 

That  the  decreases  of  absorption  indicate  an  oxidation  of  Chl-a^ 
in  the  light,  was  provided  in  our  experiments  by  the  fact  that 
in  aged  chloroplasts  reduced  PMS  or  reduced  DPIP  (2,6-Dichlor- 
phenol-indophenol)  can  be  directly  coupled  to  the  light  product 
(4)(1).  This  is  demonstrated  by  the  strong  acceleration  of  the 
decay  time  with  increasing  concentrations  of  red  PMS  or  red 
DPIP  (fig.-M-)  and  by  the  demonstration  of  a  first  order  reaction 
(fig. 4).  The  electron-acceptor  of  Ghl-aj  is  called  Z.  Obviously 
in  aged  chloroplasts  photooxidized  Chl-a-j-  is  directly  reduced  by 
electrons  provided  from  red  PMS: 

Z  ^r^ Ghla-j-  < red  PMS 

(The  arrows  indicate  the  flow  of  electrons). 

5.  Ohl-a-r  -  oxidation  as  a  primary  act 

The  production  of  Ghl-a-.  within  -i  1o~5  sec  and  the  trapping  at 
-15o  G  give  evidence  th4t  this  oxidation  is  a  primary  act  (4). 

5.  The  effect  of  far  red  background  light 

Far  red  actinic  light  between  7oo  and  72o  mu  can  only  oxidize 
Ghl-a-,-  (2)  (in  chlorella  and  fresh  chloroplasts  with  Kill-oxi- 
dantsj.  Actinic  light  with  wave-length  -c  7oo  mu  results  in  an 
oxidation  of  Chl-a-p  followed  by  a  reduction  of  Ghl-at  •  There- 
fore light  of  <.  7oo  mu  is  obviously  channeled  into  two  reaction 
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centres.  One  part  -  hv-j-  -  is  channeled  to  Chl-a-j-  (as  far  red 
light),  a  second  part  -  hVjy  -  is  obviously  channeled  to  a  se- 
cond reaction  centre  w;here  it  provides  electrons  from  a  natural 
electron-donor  for  the  reduction  of  Chl-a-j-  • 

hv-r  hv-p-r 

Z  < —     Chl-aj  < ...Ai   9 

With  hVj-light  alone  (far  red  light  7oo  -  72o  mu)  Chl-a-j-  should 
accumulate  in  its  oxidized  form.  Measuring  absorption  changes  at 
7o3  mu  the  measuring  beam  should  already  oxidize  Chl-a-j-.  The  mag^ 
nitude  of  this  oxidation  must  depend  on  the  intensity  of  the 
measuring  beam  (fig.5)« 

a)  In  soft  measuring  light  (7o5  mu)  practically  no  Chl-aj  - 
oxidation  takes  place.  A  supplementary  red  flash  (-s:  7oo  mu)  at 
t^  with  hv-p-  and  hv-p-^-light  has  the  following  effect:  The  hv^- 
llght  oxidizes  Chl-ai  immediately.  The  hv-j-j- light  provides 
electrons  from  a  second  reaction  centre  for  the  reduction  of 
Chl-aj.  The  reduction  takes  place  in»-^1o"^  sec  (fig. 5a). 

b)  In  medium  measuring  light  (7o5  mu)  started  at  t^   Chl-a-j- 
accumulates  partially  in  the  oxidized  form  (fig. 5b).    A  supple- 
mentary red  flash  (  ^  7oo  mu)  at  t,  oxidizes  the  rest  of  Chl-a-j- 
immediately.  Afterwards  all  Chl-ai  is  again  reduced  in  ^ — ^1o~^ 
sec  (fig. 5b  and  5b').  Therefore,  -fche  changes  pass  the  zero  line. 

c)  In  stronger  measuring  light  (7o5  mu)  started  at  t^   nearly 
all  Chl-ay  accumulates  in  the  oxidized  form  (fig. 5c).  Therefore 
in  stronger  measuring  light  practically  only  positive  absorption 
changes  take  place.  These  effects  are  the  basic  for  the  follow- 
ing chapter. 

7.  The  electron-acceptor  Z  of  Chl-aj 

Changing  from  soft  to  stronger  measuring  light  we  should  aspect 
-  according  to  the  scheme  in  fig. 5  -  a  shift  from  negative  ab- 
sorption changes  to  positive  ones  as  indicated  by  fig.5a,b,c. 
Such  a  shift  has  been  observed  in  chlorella  (fig. 5a  and  5b). 
However,  in  chloroplasts  without  any  Hill-oxidants  in  stronger 
measuring  light  no  shift  to  positive  absorption  changes  takes 
place  (fig. 6  top).  This  indicates  that  no  accumulation  of  Chl- 
a+   has  occurred.  The  reason  may  be  that  Chl-a+  can  be  reduced 
b^  a  backflow  of  elacirons  from  the  electron  acceptor  Z: 

Z  < Chl-aj   < ? 

If  this  is  true,  trapping  of  electrons  of  Z  should  prevent  the 
backflow  and  allow  an  accumulation  of  Chl-a^  : 

hvj                  tivjj 
ox.S-j-  < Z  < Ghl-a-j-  < ■? 

Indeed  with  the  addition  of  a  number  of  oxidized  substances 
(ox.S-p)  positive  absorption  changes  occur  which  are  characteri- 
stic   for  accumulation  of  Chl-a^  (fig. 6  bottom). 

This  effect  gives  two  important  informations. 


21 


B.  Eumberg,  F.  Schmidt-Mende ,  J.  l^eikard  and  H.T.  Witt 

a)  The  shift  from  negative  to  positive  values  indicates  which 
added  oxidized  substances  are  electron-acceptors  of  Z~  (5).  So 
far  as  investigated  all  substances  surnamed  under  ox.Sj  in  fig. 
1o  react  with  Z.   S.B.  Henriques  in  our  laboratory  showed  that 
also  TPN-reductase  -  but  not  TPN  alone  -  traps  electrons  from  Z~ 
From  the  highest  redox  potential  of  ox.Sj  (methyl  viologen) 
follows  for  the  redox  potential  of  Z~/Z   a  value  of  ^-o,^^ 
Volt  (4).  Because  TPN-reductase  is  reduced  by  Z~,  TPN-reductase 
must  contain  a  redox  system  (1).  Arnon  (7)  et  al  have  shown  that 
this  is  ferredoxin.  TPN-reductase  was  already  described  in  de- 
tail (7). 

b)  By  shifting  the  absorption  changes  of  Chl-a-j-  from  negative 
to  positive  values  it  is  possible  to  separate  the  difference 
spectrum  of  Chl-aj  from  the  overall  difference  spectrum  (fig.1 
top)  under  complete  natural  conditions  (fig. 7)  (compare  1,c). 

8 .  Water  as  the  ultimate  electron  donor  of  Chl-a-j- 

It  is  long  known  that  CMU  blocks  especially  the  oxidation  of 
water  (9) •  If  water  is  the  ultimate  electron  donor  for  Chl-aj, 
any  reaction  of  Chl-aj  should  vanish  in  the  presence  of  CIi/IU. 

hvj                 ^"^TT 
oxS-;^  < Z  < —     Chl-aj   < •••  a^O 

This  is  true  for  chlorella  but  this  is  not  the  case  in  fresh 
chloroplasts  (fig. 8  mid).  The  reason  is  again  the  backflow  of 
electrons  from  Z~  to  Ghl-at  ,  which  keeps  the  cycle  in  action. 
Trapping  the  electrons  of  Z~  by  addition  of  oxidized  substances 
ox.S-p  (i.e.  benzyl  viologen),  results  in  the  disappearance  of 
the  changes  caused  by  Chl-aj  (fig. 8  bottom).  This  fact  is  a  fur- 
ther possibility  for  the  determination  of  those  substances  which 
can  accept  electrons  from  Z~  (5). 

In  aged  chloroplasts,  where  Chl-a-p  is  supplied  directly  by 
electrons  of  red  PMS  (see  4),  the  adaition  of  CMU  has  no  influ- 
ence on  the  absorption  changes  of  Chl-a-j-  (4) . 

9.  Some  properties  of  the  Chl-aj-reaction 


by  the  depe 

the  light-induced  changes  at  7o5  mu  on  the  ratio  of  ferro/ferri- 
cyanide .  From  such  measurements  Kok  (2)  estimated  a  value  of 
+  0,43  Volt  (pH  5  -  9>5)«  Our  measurements  gave  nearly  the  same 
potential  +  o,^   Volt  (pH  6-8)  (fig. 9)  (-4-).  The  pH-independen- 
ce  indicates  a  pure  electron  transfer. 

b)  Temperature  of  inactivation.  The  Chl-a-p-reaction  is  stable 
up  to  65''C  (1).  ^ 

c)  pH-Range .  The  Chl-a-^  reaction  is  stable  between  pH  4  and 
pH  11  (1).  ^~ 

by  means  of  hVj-background  light  (7oo  -  72o  mu) 
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1 o .  Reaction  scheme 

The  results  of  this  chapter  are  summarized  in  fig.  1o  (left).  In 
chlorella  and  fresh  chloroplasts  Chl-aj  is  reduced  by  electrons 
originating  from  water  with  the  help  or  hVjj-light .  After  sup- 
pressing water-oxidation  (by  aging,  extraction  of  plastoquinone , 
addition  of  CMU) ,  Chl-at  can  be  reduced  by  backflow  of  electrons 
from  Z~  or  by  added  reduced  FMS  or  reduced  DPIP.  In  these  circum- 
stances one  light  reaction  cycle  (1)  of  the  overall  electron 
transport  system  of  photosynthesis  has  been  completely  isolated 
(1o)(1'1  )(1) .  This  reaction  cycle  must  be  responsible  for  the  sy- 
stem that  operated  when  Vernon,  Zaugg  and  Kamen  (12)  used  aged 
chloroplasts  with  reduced  substances  which  are  capable  of  reduc- 
ing TFN  in  the  light. 

II.  FHOTQREDUCTION  OF  X  AND  PLASTOQUINONE  RESPECTIVELY 

1 .  Analysis  of  X 

Out  of  the  overall  difference  spectrum  (under  "normal"  conditions) 
we  isolated  one  part:  the  Chl-aj-spectrum  with  peaks  at  43o  and 
7o3  mu. 

The  other  part  with  peaks  around  ^75  mu  and  5^5  mu  has  been 
investigated  already  in  detail  (15)(1o).  The  results  are  summa- 
rized in  fig.lo  (right).  Instead  of  X  we  introduced  already  Q  in 
fig.lo  (see  below).  Part  of  the  changes  are  caused  by  a  photore- 
duction  of  a  substance  X  (redox  potential  —  0  Volt) .  The  elec- 
tron donor  is  Y  (redox  potential:?'  +o,8  Volt).  Y  oxidizes  water. 
The  natural  electron  acceptor  must  be  according  to  the  result  of 
the  last  chapter  -  finally  Chl-at  .  Added  oxidized  substances  as 
surnamed  under  oSjj  act  as  artificial  electron  acceptors.  That 
the  cycle  is  sensitized  by  a  chlorophyll-a  (Chl-ajj)  follows 
from  the  action  spectra  (11).  In  the  following  we  will  give  fur- 
ther evidence  for  the  probability  of  this  scheme. 

2.  Separation  of  the  difference  spectrum  of  X 

To  separate  the  reaction  cycle  of  X  from  the  natural  electron 
acceptor  (Chl-a-j-),  one  has  firstly  to  trap  the  electrons  of  X  by 
addition  of  ox.Sjj  (for  instance  ox. DPIP).  To  suppress  any  reac- 
tion of  Ghl-a-p  (backflow  of  electrons  from  Z~  to  Chl-a-j-),  one 
has  secondly  •fco  oxidize  permanently  Chl-aj  by  further  addition 
of  ferricyanide .  Ferricyanide  keeps  also  DPIP  permanently  oxidiz- 
ed. Fig. 11  shows  that  with  addition  of  DPIP  (1o"^  M/1)  and  ferri- 
cyanide (1o~5  M/1)  the  difference  spectrum  of  Chl-aj  vanishes 
and  that  of  X  is  separated  (1o)(2o)(1).  In  these  circumstances  a 
second  light  reaction  cycle  (II)  of  the  overall  electron-trans- 
port system  has  been  completely  isolated.  This  reaction  cycle 
must  be  responsible  for  the  system  which  was  described  by  Losada 
et  al  (11)  (oxygen-producing  chloroplasts  with  ferricyanide  and 
DPIP) . 

3 .  Relation  of  X  and  Plastoquinone-content 

a)  Bishop  (lA-)  has  shown  that  plastoquinone  is  somewhere  in- 
volved in  the  electron  transport  system  of  photosynthesis.  The 
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redox  potential  of  plastoquinone  ( — 0  Volt)  is  very  similar  to 
that  of  X  (--^0  Volt).  This  encouraged  us  to  look  for  the  rela- 
tion of  X  and  plastoquinone. 

b)  Petroleum  ether  extraction  of  chloroplasts  (fig. 12)  re- 
sults in  a  decrease  of  the  absorption  changes  of  X.  Following 
condensation  of  synthetic  plastoquinone  results  in  a  complete 
reappearance  of  the  difference  spectrum  or  even  more  (15% 

Both  results  indicate  that  X  is  closely  related  or  identical 
with  plastoquinone  (15) •  But  plastoquinone  in  vitro  is  not  ac- 
companied by  absorption  changes  at  475  S-nd   515  niu.  If  X  is  iden- 
tical with  plastoquinone,  we  have  to  assume  that  in  vivo  the  re- 
action of  plastoquinone  influences  the  absorption  of  its  sur- 
rounding pigments,  resulting  in  changes  at  475  and  515  niu. 

4.  The  difference  spectrum  of  plastoquinone 

Absorption  changes  which  are  directly  related  to  the  reduction 
of  pure  plastoquinone  in  vitro  show  changes  with  a  maximum  at 
254  mu  (15).  Corresponding  changes  should  occur  in  vivo.  V/e  have 
observed  light  induced  changes  in  active  chloroplasts  (17)  which 
correspond  to  those  in  vitro. 

5.  Separation  of  the  difference  spectrum  of  plastoquinone 

We  reported  that  with  addition  of  DPIP  (ferricyanide  in  excess), 
the  difference  spectrum  of  Chl-a-j-  vanishes  while  that  of  X  is 
furthermore  in  action.  Because  or  the  demonstrated  relation  of  X 
and  plastoquinone  we  supposed  that  under  these  conditions  also 
the  difference  spectrum  of  plastoquinone  should  be  still  in  ac- 
tion. Measurements  at  254  mu  show  indeed  that  with  addition  of 
DPIP  and  ferricyanide  the  magnitude  of  the  changes  at  254  mu  are 
influenced  not  at  all  while  those  of  Chl-aj  at  7o5  mu  are  com- 
pletely quenched. 

6.  Relation  between  absorption  changes  of  X  and  plastoquinone 

The  absorption  changes  of  plastoquinone  (254  mu)  and  X  (475  and 
515  mu)  were  measured  in  chlorella  and  chloroplasts  (with  DPIP  + 
Ferricyanide)  in  relation  to  light  intensities,  duration  of  the 
flash,  temperature  and  pH.  We  added  also  different  concentratiom 
of  CMU  and  changed  the  content  of  plastoquinone  by  different  ex- 
tractions. Under  all  these  conditions  the  magnitude  as  well  as 
the  time  course  at  254  mu  and  515  niu  correspond  to  each  other. 
In  fig. 15  the  changes  at  515  and  254  mu  are  compared  as  function 
of  extraction  and  recondensation  of  plastoquinone.  Fig. 14  shows 
the  decrease  of  both  changes  with  increasing  extractions  of  pla- 
stoquinone. The  changes  of  Chl-aj  (upper  curve)  at  7o5  mu  are 
influenced  not  at  all.  This  indicates  in  a  different  way  (com- 
pare 5)  that  plastoquinone  seems  not  to  be  involved  in  the  re- 
action cycle  of  Chl-aj. 

7 .  X  and  plastoquinone  respectively  as  electron  acceptor 
of  water  oxidation 

That  X  is  the  electron  acceptor  of  lastly  water  in  reaction  cyc- 
le II,  we  gave  in  the  last  years  several  evidences.  A  further 
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proof  that  X  and  plastoquinone  resp.  is  the  electron  acceptor  of 
water  is  given  in  the  following  experiment:  We  measured  simulta- 
neously with  the  extraction  and  recondensation  of  plastoquinone 
and  the  corresponding  disappearance  and  reappearance  of  the  ab- 
sorption changes  at  515  mu  the  oxidation  of  water  (by  Op-produc- 
tion measurements).  Comparing  such  results  (fig. 15)  it  can  be 
seen  that  the  magnitude  of  the  changes  at  515  mu  parallels  the 
rate  of  Op-production.  On  the  other  hand  the  changes  at  515 
parallels  the  changes  at  25^  mu  (fig. 13,  14). 

8.  Reaction  scheme 

The  results  show  that  plastoquinone  reacts  at  the  position  of  Z. 
X  is  identical  with  plastoquinone  or  closely  related  to  it. 
Therefore  we  introduce  in  the  already  shown  scheme  instead  of  X 
plastoquinone  Q  (18)(15). 

III.  THE  ACTION  SPECTRA  OF  THE  TWO  SEPARATED  REACTION 
CYCLES  I  AND  II 

The  action  of  cycle  I  is  optically  represented  by  the  absorp- 
tion changes  of  Chl-aj  at  45o  mu  and  chemically  by  the  rate  of 
reduction  of  oxSj,  (i.e.  benzylviologen) .  The  action  of  cycle  II 
is  optically  representated  by  the  magnitude  of  the  absorption 
changes  at  515  mu  and  chemically  by  the  rate  of  oxidation  of  wa- 
ter (Op-production). 

Pig.  15  (top)  show  the  optically  measured  action  spectra  (11) 
of  the  two  separated  cycles  and  on  the  bottom  the  chemical  ac- 
tion spectra  are  shown.  (The  optical  action  spectra  could  be 
measured  with  a  much  higher  precision  than  the  chemical  ones. 
The  chemical  action  spectra  are  preliminary  ones.)  The  results 
are  in  agreement  with  the  Emerson-effect  (2o):  The  peaks  indi- 
cate those  types  of  chlorophylls  which  provide  the  two  reaction 
centres  Chl-aj  and  Chl-a-j-j  per  energy  migration  with  light  ener- 
gy (11).  These  different  -feypes  are  noted  in  fig.lo.  The  long 
wave-length  limit  for  reaction  cycle  I  is  at '^  73o  mu,  the  long 
wave-length  limit  for  reaction  cycle  II  is  already  at  ,r^  7oo  mu . 
The  action  spectrum  for  the  reduction  of  plastoquinone  was  fur- 
thermore investigated  directly  at  254  mu .  It  has  a  long  wave- 
length limit  at  7oo  mu  in  accordance  with  the  measurements  at 
515  mu  and  of  oxygen  production. 

IV.  THE  COUPLING  OF  REACTION  CYCLE  I  AND  II 

1 .  First  demonstration 

Optically  demonstrations  of  the  existence  of  two  coupled  light 
reactions  were  done  in  the  following  way:  Kok  (2)  showed  that 
far  red  light  causes  oxidation  of  P  7oo  at  7o3  mu  and  shorter 
wave-length  its  reduction.  Duysens  (21)  showed  in  red  algae  that 
red  light  causes  oxidation  of  cytochrome  and  shorter  wave-length 
its  reduction.  We  showed  in  green  plants  (18)  that  far  red  light 
causes  oxidation  of  cytochrome  while  shorter  wave-length  causes 
the  reduction  of  X  which  reduce  cytochrome  in  the  dark. 
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The  above  reported  results  shorn  that  when  under  natural  con- 
ditions (chlorella)  there  exists  a  coupling  between  the  reaction 
cycle  I  and  II,  it  should  be  possible  to  demonstrate  the  coupl- 
ing of  the  cycles  I  and  II  through  the  absorption  changes  of 
Chl-a-.  directly  at  ^3o  mu .  (Because  of  the  strong  fluorescence 
in  the  red  region  a  coupling  at  7o3  mu  can  directly  not  be  de- 
monstrated) . 

On  the  other  hand  we  selected  with  plastoquinone  a  first  che- 
mical representative  of  cycle  II  and  it  should  be  possible  to  de- 
monstrate the  coupling  of  cycle  I  and  II  also  at  25^  mu. 

J^ccording  to  the  action  spectra  Ghl-a-j-  can  be  oxidized  with 
light  a^  7oo  mu,  i.e.  72o  mu  (decrease  at  43o  mu)  and  Chl-a-j- 
should  be  reduced  with  -^7oo  mu  light,  i.e.  55^  mu  (increase  at 
430  mu).  63^   mu  light  produces  namely  reduced  plastoquinone  (Q,~) 
and  when  there  exists  a  coupling  between  reaction  cycle  I  an.d  II, 
Q~  should  provide  Chl-at  with  electrons.  Vice  versa  plastoquinone 
can  be  reduced  with  -=•  7do  mu  light,  i.e.  53'^-  mu  (decrease  at  254 
mu)  and  Q~  should  be  oxidized  with  >'7oo  mu  light,  i.e.  72o  mu 
(increase  at  254  mu).  72o  mu  light  produces  namely  Chl-at  (see 
above)  which  accepts  the  electron  of  Q,"  when  there  existi  a  coupl- 
ing between  reaction  I  and  II.  The  results  in  fig.  17  confirm 
these  predictions. 

2.   Second  demonstration 

It  should  be  pointed  out  that  as  yet  in  all  cases  coupling  of 
two  light  reactions  in  photosynthesis  was  demonstrated  only  by 
two  different  light  colours.  The  following  experiments  show  a 
different  and  completely  independent  demonstration  of  coupling. 

We  separated  chemically  the  reaction  cycle  1  from  cycle  II  and 
investigated  the  different  properties  of  these  separated  reac- 
tions (chloroplasts  of  spinach)  (1o)(2o)(1). 

Some  typical  properties  of  reaction  cycle  I  are  for  instance: 
a)  pH-range  between  4-11;  b)  independence  from  the  presence  of 
CMU.  (CMU  blocks  water  oxidation);  c)  practically  independent 
from  aging. 

Corresponding  properties  of  reaction  cycle  II  are:  a)  pH-ran- 
ge  between  5  -  8;  b)  strong  dependence  from  the  presence  of  CMU; 
c)  strong  dependence  from  aging. 

'/iThen  however  both  cycles  are  completely  coupled  (fresh  chloro- 
plasts with  Hill-oxidants  ox.Sj  or  whole  chlorella  cells),  the 
behaviour  of  reaction  cycle  I  ^demonstrated  for  instance  by  ab- 
sorption at  7o3  mu)  and  the  behaviour  of  reaction  cycle  II  (de- 
monstrated for  instance  by  absorption  changes  at  515  mu)should 
show  one  and  the  same  dependence  as  function  of  pH,  CMU  age,  etc. 

Figs.18-2o  show  the  result.  The  influence  is  the  same  at  both 
wave  lengths  (5).  This  proves  in  a  completely  different  way  the 
quantitative  cooperation  between  both  reaction  cycles  (5). 
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V.  A  POOL  OF  PHOTOACTIVE  FLASTOQUIHONE 

From  the  magnitude  of  absorption  changes  of  Chl-aj  at  7o3  mu 
and  of  Q  at  254  mu  it  follows  (together  with  the  extinction  co- 
efficients of  pure  chlorophyll  and  pure  plastoquinone)  the  ratio 
of  Chl-a-^:  Q  «  1  :  4.   Q  is  the  photochemical  engaged  plastoqui- 
none; the  total  amount  of  plastoquinone  is  ten  times  higher  (22)- 
This  means  that  there  exists  a  pool  (reservoir)  of  photoactive 
plastoquinone  between  both  light  reactions  (s. fig. 21)  shuttling 
electrons  from  reaction  centre  I  to  II.  This  result  is  also  in 
accordance  with  the  fact  that  after  extraction  of  plastoquinone 
this  substance  can  be  recondensed  into  the  same  position.  This 
seems  to  be  possible  only  when  there  exists  a  gap  between  reac- 
tiion  centre  I  and  II  which  is  filled  up  with  larger  amounts  of 
plastoquinone.  The  redox  potential  of  this  pool  is  probably  con- 
trolled by  oxidants  (Op)  as  well  as  by  reductants.  This  pool 
seems  to  be  the  reason  for  most  of  the  so-called  "induction  pho- 
nomena"  in  photosynthesis. 

VI.  REACTION  MECHANISM  OF  THE  OVER  ALL  PROCESS 

The  coupling  of  reaction  cycle  I  and  II  leads  to  a  reaction 
scheme  of  the  over  all  process  of  the  electron  transport  in  pho- 
tosynthesis which  is  mapped  out  in  (1o)(1).  An  intermediate  bet- 
ween both  cycles  is  probably  cytochrome.  This  was  demonstrated 
in  (ia(4)(1o)(1). 
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Fig.  1.   Spectra  of  flash  induced  absorption  changes  in  suspens- 
ions of  normal  (top)  and  petroleum  ether  extracted  chloroplast 
(bottom)  from  spinach.  pH  =  7,2;  2o°C. 

Fig.  2.   Spectra  of  the  light  induced  irreversible  absorption 
changes  in  spinach  chloroplast  fragments  at  -15o  C  in  the  absen- 
ce (top)  and  in  the  presence  of  red  PMS  (bottom). 

Fig.  3.   Half-life  of  the  absorption  changes  at  435  mu  agd  7o5  niu 
in  aged  whole  spinach  chloroplasts  as  function  of  pH.  2o  C,  ad- 
ditions: 1o~5  M/1  PMS  and  3.1o~5  M/1  ascorbate. 

Fip;.  4.   Log.  plot  of  the  relative  absorption  changes  at  7o5  mu 
in  aged  whole  spinach  chloroplasts  vs.  time  at  different  PMg 
concentrations  (+3.1o~5  M/1  ascorbatein  excess).  pH  =  8,  2o  C. 

Fi g .  5 .   Bottom:  Time  course  of  the  absorption  changes  at  7o5  mu 
in  chlorella  cells  induced  by  short  flash  (-'1o~  sec)  of  red 
light  at  t  =  0.  a'  in  soft  and  b'  in  medium  measuring  light. 
2o  C,  pH  =  7,8.  For  further  details  see  text. 

Fig.  6.   Time  course  of  the  absorption  changes  at  7o5  mu  in  wholB 
spinach  chloroplasts  without  additions  (top)  and  with  added  ben- 
zyl viologenec-as  e-acceptor  (bottom).  2o  C,  pH  =  7,2.  The  light 
flash  (   1o~   sec)  was  turned  on  at  t  =  0. 

Fig.  7'   Time  course  of  the  absorption  changes  at  7o5  mu  and  430 
mu  in  whole  spinach  chloroplasts  in  the  presence  of  1o~  M/1 
benzyl viologene      with  soft  measuring  light  and  continuous 
7I0  mu  background  light.  2o  C,  pH  =  7,2.  Both  absorption  changes 
were  induced  by  a  flash  ( — 1o~5  sec)  at  t  =  0. 

Fig.  8.   Time  course  of  the  absorption  changes  at  7o5  mu  in  whole 
spinach  chloroplasts  in  the  absence  and  in  the  presence  of  CI.1U 
and  cm  plus  benzylviologene .  2o°C,  pH  =  7,2.  The  flash  (--1o"5 
sec)  was  turned  on  at  t  =  0. 

Fig.  9»   Redox  titration  of  the  photo-induced  absorption  changes 
at  7o5  niu  in  aged  spinach  chloroplast  fragments.  Log.  plot  of 
(4  Imax  -JI)/4I  vs.  the  redox  potential  of  added  f erri-/ferrocya- 
nide  mixtures  at  different  pH-values  of  t^e  suspension.  Ferri-  + 
ferrocyanide  concentration  =»■  1o~2  M/1,  2o  C. 

Fig.lo .   Scheme  of  reaction  cyclus  1  (left)  and  of  reaction  cyc- 
lus  II  (right).  For  details  see  text. 

Fig. 11 .   Spectra  of  the  flash-induced  absorption  changes  in  spi- 
nach chloroplast  fragments  in  the  absence  (top)  and  in  the  pre- 
sence (bottom)  of  1o-^  M/1  DFIP  plus  1o~^  M/1  ferricyanide .  2o  C, 
pH  =  7,2. 

Fig. 12.   Spectra  of  the  absorption  changes  in  spinach  chloroplast 
fragments  under  normal  condition,  after  extraction  with  petroleum 
ether  and  after  recondensation  of  plastoquinone .  (1)  soft,  (2) 
medium, and  (3)  strong  extraction.  2o  C,  pH  =  7,2. 

Fig. 13.   Time  course  of  the  absorption  changes  at  515  mu  and  254 
mu  in  spinach  chloroplast  fragments  under  normal  condition  (top), 
after  partial  extraction  with  petroleum  ether  (middle)  and  after 
recondensation  of  plastoquinone  (bottom).  2o  C,  pH  =  7,2.  The 
flash  (~'2.1o~'^  sec)  was  turned  on  at  t  =  0. 
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Fip;.14.   Absorption  changes  at  7o5  mu ,  25^  mu  and  515  mu  in  spi- 
nach chloroplast  fragments  as  function  of  different  degrees  of 
extraction  with  petroleum  ether.  2o  C,  pH  =  7»2. 

Fig. 15.   Rate  of  Op-production  by  illuminated  spinach  chloro- 
plast" fragments  and  magnitude  of  the  absorption  changes  at  515 
mu  in  the  same  preparation  of  chloroplast  fragments.  Normal  con- 
dition, after  extractions  with  petroleum  ether  different  degrees, 
and  following  recondensation  of  plastoquinone .  15  C;  pH  =  7>2; 
ferricyanide  was  added  as  Hill  oxidant. 

Fip;.16.   -faction  spectra  of  reaction  cycles  I  and  II.  Top:  Measur- 
ed by  the  magnitude  of  the  absorption  changes  at  ^35  mu  in  aged 
spinach  chloroplast  fragments  in  the  presence  of  1o~^  M/1  PMS 
plus  I0-2  M/1  ascorbate  (2o"C,  pH  =  7,2)  and  at  515  mu  in  normal 
spinach  chloroplast  fragments  in  the  presence  of  1,5.1o  ^   M/1 
DFIP  plus  I0-2  M/1  ferricyanide  (2o  C,  pH  =  7,2).  Bottom:  Measure 
ed  by  the  rate  of  Op-production  of  illuminated  spinach  chloro- 
plast fragments  in  the  presence  of  2.1o"5  M/1  DFIP  plus  6.10"-* 
M/1  ferricyanide  (2o  0,  pH  =  7,2)  and  measured  by  the  rate  of 
0^-consumption  of  illuminated  aged  spinach  chloroplast  fragments 
ife  the  presence  of  lo"^  M/1  DFIP  plus  5-1o  ^  M/1  ascorbate  plus 
5.1o"5  \,/\   benzylviologene  (2o  G,  pH  =  8).  (Measured  by  U.Siggel 
in  our  laboratory) . 

Fig. 17.   Top:  Time  course  of  the  absorption  changes_at  ^3o  mu  in 
spinach  chloroplast  fragments  in  the  presence  of  I0  ^   M/1  benzyl- 
viologene illuminated  with  72o  mu-light  (1/2  sec),  followed  by 
658  mu-light  (10""^  sec)  (2o°C,  pH  =  7,2).  Bottom:  Time  course  of 
the  absorption  changes  at  25-^  mu  in  chlorella  cells  illuminated 
with  658  mu-light  (1/5  sec),  followed  by  72o  mu-light  (1  sec) 
(2o^G,  pH  =  7,2). 

Fig. 18.  Top:  Absorption  changes  at  515  mu  and  7o5  mu  in  whole 
spinach  chloroplasts  in  the  presence  of  1o~^  M/1  ferricyanide  as 
function  of  aging.  (2o  C,  pH  =  7,2).  Bottom:  Absorption  changes 
at  515  mu  and  7o5  mu  in  whole  spinach  chloroplasts  in  the  pre- 
sence of  1o~^  M/1  ferricyanide  as  function  of  pH  (2o  C). 

Fig. 19.   Half-life  of  the  absorption  changes  at  515  mu  and  7o5  mu 
(strong  measuring  light)  in  chlorella  cells  in  dependency  of 
temperature  (pH  =  8).  The  chlorella  culture  differs  from  that 
used  in  the  measurements  of  fig. 5*  (In  chloroplasts  identical 
kinetics  at  515  mu  and  7o5  mu  could  as  yet  not  be  established). 

Fig.2o.  Absorption  changes  at  515  mu  and  7o5  mu  in  whole  spi- 
nach  chloroplasts  in  the  presence  of  I0  o  M/1  indigocarmine  as 
function  of  concentration  of  added  ClllU.  (2o  G,  pH  =  7,2). 

Fig. 21 .   See  text. 
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PHOTOSYNTHETIC  ELECTRON  TRANSPORT 
Bessel  Kok 


I,  The  first  photoreaction  of  photosynthesis  mediated  by  P700 

It  is  well  established  that  in  aerobic  photosynthesis  two 
photoreactions  occur.   Photosystem  I  is  sensitized  by  "long 
wave"  chlorophyll  which  feeds  absorbed  quanta  into  a  special 
long  wave  pigment  "P700"  (13).   Upon  excitation  P700  loses  an 
electron  and  remains  in  a  bleached  form  which  exerts  the  prop- 
erties of  a  weak  oxidant  (normal  potential  P/P"'"=  0.^3  volt). 
The  electron  acceptor  ("X~")  is  a  strong  reductant  of  a  po- 
tential lower  than  -0.42  volt  (one  can  show  that  it  reduces 
methyl viologen) .   Figure  1  and  Table  1  bring  quantitative 
evidence  that  photoact  I  is  mediated  by  P700:   Fig.  1  shows 
an  experiment  made  by  Hoch  and  Martin  (l)  with  fresh  chloro- 
plasts.   The  reduction  of  TPN  was  studied  as  a  function  of 


Equivalence  Between  Rates  of  P7Q0  Turnover  and  TPN  Reductio 

Reaction  mixture  (pH  7.8)  contained  per  ml(in    u.  moles)  : 
Chlorophyll   ;  0.0  17     ;     TPN  :  0. 5     ;     ADP  :  1     ;     PO4      :   10     ; 
Mg**   :  2.5     ;     PPNR   .-  saturating 
Illumination   7  10  ml/ 

/leq. /min     P700     =        AO.  P.    700  (A-B  signal)  x  1800  (RPM) 
80  000  (E  mol.  )  x  mg  Chlorophyll 


fL  eq.  /min  TPNH2 


AO   D     340(B-W  signal) 


3100  (E  mol/2)  x   I{min)  x  mg  Chlorophyll 


P  700 

TPN 

Ratio 

2.  1 

Z.  1 

1 

660        670        6B0        690        700         7)0 


WAVELENGTH  (m/i.) 

Figure  1  Table  1 

wavelength  both  in  the  absence  and  the  presence  of  the  poison 
DCMU.   Reduced  indophenol  was  added  in  the  latter  case  to  re- 
lieve the  DCMU  inhibition  (2).   In  the  unpoisoned  chloro- 
plasts,  two  quanta  of  65O-68O  mu  light,  are  required  to 
transfer  one  electron  to  TPN,  the  quantum  yield  drops  severly 
in  wavelengths  beyond  69O  mu.   In  the  presence  of  DCMU  and 
reduced  dye,  however,  the  quantum  yield  is  relatively  low  at 
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short  wavelengths  but  rises  with  increasing  wavelength  until 
it  approaches  unity  (1  eq./hV).   Obviously,  in  long  wave 
light  we  observe  only  photosystem  I,  a  process  which  occurs 
with  a  quantum  yield  of  one  and  can  retain  a  considerable 
fraction  C^  ^0%)    of  the  absorbed  light  as  chemical  energy. 
The  experiment  described  in  Table  1  was  made  with  our  differ- 
ence spectro-photometer  (3)  in  which  a  sample  is  exposed  to  a 
series  of  light  flashes  (l800  per  minute).   The  dark  periods 
are  long  enough  to  allow  dark  conversion  of  the  photoproducts 
made  in  each  flash.   The  apparatus  measures  cyclic  absorbency 
changes  of  intermediates  as  well  as  the  net  result  of  many 
cycles,  provided  a  color  change  accompanies  the  events.   In 
Table  1  we  observed  the  repetitive  bleaching  (in  each  flash) 
and  re-reduction  (in  the  dark)  of  P700.   If  for  every  P700 
which  is  bleached,  one  electron  is  transferred  to  the  primary 
reductant  (X)  and  from  there  to  TPN,  then  the  total  amount  of 
TPNH2  accumulated  should  correspond  to  the  sum  of  all  P700 
molecules  which  have  turned  over  during  the  time  the  flashing 
light  was  given.   This  indeed  proved  to  be  the  case  if  we 
assumed  a  (change  of)  molar  extinction  AE=8xlO^  L/mole.  cm. 
for  P7OO  -a  value  typical  for  the  red  absorption  band  of  a 
chlorophyll.   This  good  agreement,  together  with  the  high 
quantum  yield  observed  in  Fig.  1  yields  quantitative  support 
to  the  proposal  that  F7OO  is  the  photoconverter  of  photosys- 
tem I  in  photosynthesis. 


II,  Photoreduction  and  -oxidation  of  indophenol  dye,  site  of 
phosphorylation. 

In  the  long  wave  light  or  in  the  presence  of  DCMU  the  sec- 
ond photoreaction  of  photosynthesis  is  inoperative.   Earlier 
(4)  we  have  shown  that  DCMU  does  not  really  inhibit  the  photo- 
reduction  of  DCPIP  by  chloroplasts,  but  only  causes  the 
reduced  dye  to  react  back  with  photo-oxidized  P700  (whose 

Reduction  ot  DCPIP  by  weak  flashing   light  of  two  wavelengths. 

The  atriount  reduced  per  flash  is  compared  to  the  net  rate  during  one 

light-dark  period. 
725  mil   values  in  parenthesis  are  corrected  for  absorbed  intensity 

equal  to  the  674  light. 


Wavelength 

actinic  light 

mji 

Fractional 
absorption 

% 

Rate  per 

flash 
10-5O.D. 

Rate  per 
1/30   sec. 
10-^  O.D. 

Ratio 

flash  yield 

net  rate 

674 

^80 

49 

3i 

1.  5 

725 

=  6 

9  1=  100) 

0.28(=  i) 

32 

Table   2 
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normal  reduction  by  the  second  photoact  is  impeded  by  the 
poison) . 

Table  2  shows  that  essentially  the  same  happens  in  long 
wave  light:   In  this  experiment,  performed  like  the  one  shown 
in  Table  1,  we  simultaneously  measured  the  amount  of  dye  re- 
duced in  each  flash — whether  reacting  back  or  remaining  in 
the  reduced  form — and  the  net  amount  of  DCPIPH  accumulated  by 
all  flashes. 

If  N  flashes  of  674  rau  light  are  given,  an  amount  of  DCPIPH 
accumulates  which  nearly  equals  N  times  the  amount  reduced 
per  flash.   However,  if  725  mu  flashes  are  given  instead,  only 
1/30  of  this  amount  accumulates,  97%  of  the  reduced  dye  is 
re-oxidized  in  the  dark  periods  by  P700  .   The  long  wave  drop 
of  the  quantum  yield  of  dye  reduction  (5)  therefore  is  due  to 
a  lack  of  the  normal  reductant  generated  by  photosystem  II 
which  reacts  with  P700+  much  faster  than  DCPIPH.   Actually, 
if  one  corrects  for  the  low  fractional  absorption  of  725  mu 
light,  the  data  of  Table  2  show  that  in  this  wavelength  area 
dye  is  reduced  with  twice  the  quantum  yield  observed  in  67^ 
light  (analogous  to  the  reduction  of  TPN  in  expt.  Fig,  1). 

We  may  conclude  that  in  these  discussed  experiments  DCPIP 
is  reduced  at  the  same  locus  as  TPN:  by  the  primary  reductant 
X~  made  in  the  first  photoact.   It  is  clear  then  that  in  the 
absence  of  the  second  photoact  (DCMU  or  long  wave  light), 
indophenol  dye  mediates  a  vigorous  cyclic  electron  transport. 
Trebst  and  Eck  (6)  showed  that  this  cycle  is  coupled  to  ATP 
formation  and  therefore  must  include  the  site  of  photophos- 
phorylation. 

We  agree  with  Vi/itt,  et.  al.  (7)  that  at  least  in  fresh 
chloroplasts  DCPIPH  does  not  reduce  P700+  directly  but  via 
another  intermediate.   It  remains  to  be  proven  that  this 
intermediate  is  cytochrome  b^  or  plastoquinone  such  as  would 
be  required  by  hypotheses  which  correlate  one  of  these  com- 
ponents with  photophosphorylation.   The  hi^h  normal  potential 
of  the  dye  and  the  considerable  concentration  of  the  oxidized 
form  which  can  result  from  its  photo-oxidation  (even  in  the 
presence  of  ascorbate  cf.  k   Table  1)  argue  against  this  pos- 
sibility.  A  more  likely  site  for  reduced  dye  to  re-enter  the 
cycle  is  cyt.  f.   From  an  energetic  viewpoint,  this  would 
exclude  ATP  formation  at  this  locus  (cf.  k) , 
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III .   Photo-oxidation  of  cytochromes  and  plastocyanin  by- 
detergent  treated  chloroplasts . 

Photosystem  II  is  quite  sensitive  to  ageing,  heating  or 
detergent,   Photosystem  I,  hov/ever,  survives  such  treatments 
to  a  considerable  extent.   Possibly  by  opening  up  the  chloro- 
plast  structure,  detergent  makes  P700   accessible  for  large 
molecules  such  as  cytochrome  c,  f,  or  plastocyanin  so  that 
they  can  be  photo-oxidized  (like  reduced  indophenol  dye). 
The  photo-oxidation  of  cytochrome  c  by  this  material  was 
first  observed  by  Niemann  and  Vennesland  (8),   We  may  briefly 
summarize  the  results  of  our  own  recent  studies  of  such  photo- 
oxidations  (9)«   The  process  is  sensitized  quite  efficiently 
by  long  wave  light  (the  yield  approaches  1  eq./hv)  involving 
photosystem  I — P700*  being  the  photo-oxidant.   Two  types  of 
catalysts  accelerate  the  photo-oxidation  of  f errocytochrome  cl 

Viologen,  flavin  and  other  auto-oxidizable,  single  electron 
transfer  agents  stimulate  by  mediating  between  primary  re- 
ductant  X~  and  oxygen. 

Cytochrome  f  (Cyt.  552  from  Euglena)  and  plastocyanin  (10) 
stimulate  by  mediating  between  P?©©"*"  and  ferrocyt.  c.  Figure 
2  illustrates  the  effect  of  various  concentrations  of  plasto- 
cyanin upon  the  rate  of  cyt.  c  photo-oxidation  in  the  presence 
and  absence  of  viologen.  Rates  approaching  5000  eqs./chl. 
hour  have  been  observed,  severalfold  higher  than  found  in 
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Figure  2 

photosynthesis  or  chloroplast  reductions.   The  rates  proved 
remarkably  independent  of  temperature.   (Q  10-^1. 3i+  30"- 
-5*0)   Cyt.  f  acts  very  similar  to  plastocyanin  but  never 
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yielded  rates  higher  than  ~800  eq/chl.  hour.   A  peculiarity  of 
these  catalysts  is  their  effectiveness  in  weak  as  well  as  in 
strong  light — they  increase  the  quantum  yield  of  the  reaction. 

Plastocyanin  and  cyt.  f,  if  added  in  substrate  amounts  in- 
stead of  cyt.  c  are  photo-oxidized  themselves  with  high  rates. 
An  interesting  feature  of  these  reactions  is  that  the  rate  is 
dependent  upon  the  redox  state  of  the  substrate.   For  instance, 
if  cyt.  f  is  added  in  half-oxidized,  half-reduced  form,  the 
rate  is  only  half  maximal.   (In  the  presence  of  excess  cyt.  c, 
cyt.  f  is  kept  in  the  reduced  form  and  the  overall  reaction 
proceeds  with  optimal  rate  until  the  depletion  of  cyt.  c.) 
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Figure  3 
Figure  3  illustrates  that  in  weak  as  well  as  in  strong 
light,  the  rate  of  cyt.  f  photo-oxidation  is  proportional  to 
the  ratio  cyt,  f  red. /cyt.  f  total.   To  explain  this,  we 
assume  that  external  cyt.  f  equilibrates  with  a  cyt.  f  mole- 
cule fixed  in  the  chloroplast  matrix  in  close  proximity  to 
P700.   A  photoact  can  only  be  successful  if  not  only  P700  but 
also  its  associated  cyt.  f  is  in  the  reduced  state  before  the 
quantum  hits.   The  cytochrome  transfers  an  electron  to  P700''" 
immediately  after  the  latter  has  lost  its  electron  to  X,  and 
thus  prevents  a  back  reaction  between  the  photoproducts. 
Such  a  charge  transfer  complex  between  cyt.  f  and  P700  em- 
bedded in  the  chloroplast  matrix  was  already  shown  by  Witt 
et  al.   (7).   In  scheme  Fig.  k   we  indicated  that  plasto- 
cyanin could  react  in  two  ways  with  P700  ,  directly  or  via 
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Figure  k 

cyt,  f.   In  many  chloropiast  preparations  plastocyanin  sus- 
tained much  higher  photo-oxidation  rates  than  cyt.  f,  indica- 
ting, that  it  bypasses  cyt.  f  and  reacts  directly  with  P700. 
Our  preliminary  data  indicate  that  the  kinetics  of  plasto- 
cyanin photo-oxidation  do  not  essentially  differ  from  those 
of  cyt.  f  oxidation  (cf.  Fig.  3).   This  suggests  that  not 
only  cyt.  f,  but  also  plastocyanin  has  a  fixed  locus  in  the 
chloropiast  matrix  and  can  operate  in  a  complex  with  P700. 
This  intimate  cooperation  between  the  photoreceptor,  a  haem 
and  a  copper  enzyme,  all  of  high  potential,  present  in  equal 
amounts  in  the  chloroplasts,  has  prompted  some  speculations 
which  will  be  described  in  the  following  section. 

IV.  Discussion 

The  first  photoact  yields  besides  X~  (re-oxidized  by  sub- 
strate) a  weak  oxidant  P700'''.   The  second  (short  wave  sen- 
sitized) photosystem  is  left  with  the  tasks  to  evolve  oxygen 
(at  least  to  assist  this  process)  and  at  the  same  time  re- 
reduce  P700"*".   One  of  the  products  of  the  second  photoact, 
therefore,  must  be  a  reductant  "Y~"  of  a  potential  lower  than 
+0.^3  volt.   Just  how  much  lower,  is  presently  a  point  of 
discussion  since  the  chemical  nature  of  Y  is  unknown.   For 
instance,  as  mentioned  by  Dr.  Hoch  in  this  symposium,  the 
possibility  is  not  excluded  that  Y~  is  as  strong  a  reductant 
as  X~,   This  would  mean  a  "parallel"  operation  of  the  two 
photoacts  and  require  an  energetic  coupling  between  them  by 
dismutation  reactions  in  the  dark. 


The  other  extreme  is  the  assumption  that  the  potential  of 
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Y/Y"  is  only  slightly  lower  than  that  of  P700,  i.e.  the  sec- 
ond photoact  is  strictly  in  "series"  with  the  first  one.   We 
have  mentioned  this  possibility  on  an  earlier  occasion  {k) 
and  illustrate  it  again  in  scheme  Fig.  5* 

These  two  extremes  share  one  feature,  namely,  that  the 
quantum  requirement  of  the  overall  process  could  be  less 
than  2  per  electron  (<8  per  O2):   V\/e  feel  the  data  of  Fig.  1 
and  Table  1  definitely  show  a  requirement  of  one  quantum  to 
generate  X"  and  P"*".   In  the  parallel  formulation  the  extra 
energy  required  to  evolve  O2  starting  from  P   does  not  neces- 
sarily have  to  come  in  one  quantum  "packages"  and  in  the 
series  formulation  the  energy  of  2  (short  wave)  quanta  might 
suffice  to  evolve  oxygen  from  a  preformed  complex. 

A  minimum  requirement  of  2  hv/el.  is  more  rigidly  demanded 
by  the  part-parallel  part-series  scheme  [cf.  Hill  and  Bendall 
(11)3  which  is  presently  accepted  by  most  workers  in  the  field. 
In  this  formulation  the  reductant  of  the  second  photoact 
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Figure  5 

should  be  able  to  reduce  cytochrome  bg  or  plastoquinone  (po- 
tential of  Y/Y~£0.0  volt).   The  reaction  chain  connecting 
the  two  photoacts: 


provides  an  attractive  site  for  photophosphorylation--coupled 
to  the  main  stream  of  electron  transport.   If  one  does  not 
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accept  this  intermediate  chain  Y  — ^  P   (of.  section  II)  the 
only  reasonable  alternative  to  conceive  a  generation  of  ATP 
coupled  to  substrate  reduction  is  the  locus  indicated  in 
scheme  Fig.  5  as  X~  — ^  X^  (4),   This  hypothesis  of  "substrate 
level"  photophosphorylation  requires,  however,  that  the  pri- 
mary reductant  of  the  first  photoact  has  a  quite  low  poten- 
tial. 

Scheme  Fig.  5  contains  additional  speculations  which  must 
appear  objectionable  to  many  of  you  and  might  not  survive 
future  evidence.   However,  it  is  not  presented  as  the  ulti- 
mate truth  but  rather  to  illlustrate  some  possibly  useful 
thoughts.   One  feature  is  a  "sharing"  of  traps  by  the  two 
photoreactions  visualized  by  the  identification  of  P700  with 
the  light  collector  of  photoreaction  II,  i.e.  ^uysens'  "Q" 
(12)  and  »'itt's  "Q  II"  (7).   The  asymmetric  shape  of  the  700 
mu  difference  band  (cf.  13,  Fig.  2  and  13  )  suggests  a  shift 
of  the  700  mu  absorption  to  a  {-^^0%)    weaker  band  at  a  ('-'13 
mu)  shorter  wavelength.   Photo-oxidized  P700  (P690'*")  thus 
could  conceivably  again  function  as  a  light  trap — compare 
e.g.  the  photochromic  back  and  forth  shift  of  the  plant 
pigment  phytochrorae  (l4).   The  second  photoact  then  would 
be  sensitized  by  all  wavelengths  except  those  beyond  69O  mu 
(of  course,  one  must  assume  that  P69O  undergoes  alternate 
dark  steps  as  well). 

Such  a  competitive  sharing  of  trapping  pigment  by  the  two 
photoacts  allows  a  self-regulating  sensitization  mechanism 
("spill  over"),  in  line  with  earlier  thoughts  of  Franck  (15) 
and  Myers  (I6).   Our  fluorescence  data,  although  supporting 
this  spill  over  from  one  photosystem  to  the  other,  do  not 
seem  to  favor  an  identification  of  the  conversion  centers 
and  indicate  a  more  complex  type  of  mechanism  (this  volume). 

A  main  argument  for  closely  connecting  the  two  traps  i.e. 
for  a  short  path  between  the  intermediate  products  of  the 
two  photoacts — regardless  of  their  nature--is  the  following: 
The  spectroscopic  evidence  such  as  obtained  by  Witt,  ^uysens, 
and  ourselves  for  P700  operating  in  a  charge  transfer  complex 
with  cyt.  f  and  probably  plastocyanin,  subject  to  a  push-pull 
operation  by  two  photoacts,  is  impressive.   However,  most  of 
the  information  originates  from  measurements  under  extrem-e 
or  abnormal  circumstances.   Under  favorable  conditions  of  ef- 
ficient, steady  state  photosynthesis  in  whole  algae,  neither 
P7OO  nor  cyt.  f  can  be  observed  by  our  flashing  light  method 
which  is  geared  to  the  "time  constant"  of  photosynthesis  and 
has  a  time  resolution  of  a  millisecond.   With  their  much 
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faster  method  Witt  et  al.  (7)  still  fail  to  observe  the  reduc- 
tion of  cyt.  f,  presumably  carried  out  by  a  dark  step  follow- 
ing the  second  photoact.   (Spectroscopic  measurements  which 
use  continuous  actinic  illumination  cannot  discriminate  be- 
tween compounds  directly  involved  in  the  electron  transport 
chain  and  those  which  are  indirectly  affected.)   Unless  one 
considers  a  complete  re-interpretation  of  available  data,  one 
must  assume  that  the  early  events  in  photosynthesis  occur 
with  such  extreme  rapidity  that  they  escape  observations  with 
present  methods.   Also,  this  feature  seems  to  leave_little 
room  for  an  intermediate  electron  transport  chain  Y  — >  P  . 

Finally,  one  cannot  help  drawing  an  anology  between  the 
(copper  and  haem  containing)  cytochrome  oxidase  in  respira- 
tion and  the  peculiar  combination  of  plastocyanin  and  cyto- 
chrome f  in  photosynthesis  (cf.  section  III) — reason  why  we 
have  suggested  in  scheme  Fig,  5  that  photosynthetic  oxygen 
evolution  might  be  a  light  driven  reversal  of  the  terminal 
respiration  step  (4). 

Presently,  the  evidence  concerning  the  photosynthetic 
light  reactions  is  so  much  in  flux  and  of  qualitative  nature 
that  the  speculations  forwarded  do  not  appear  too  much  out 
of  line. 
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I,  A  photoinitiated  emission  at  698  mu ♦ 

Brody  and  Brody  (1)  mentioned  that  upon  cooling  to  77*'K 
the  685  mu  fluorescence  maximum  shifts  to  69O  mu.   We  ob- 
served, hov;ever,  that  the  location  and  intensity  of  the  685  mu 
band  ("FSS^")  are  practically  independent  of  temperature. 
Below  -150°C  a  distinctly  separate  band  develops  at  696-698  mu 
(denoted  "F700")  which  keeps  increasing  with  decreasing  tem- 
perature until  in  many  cases  it  is  the  most  pronounced  emis- 
sion (cf.  Figs.  2,  k,    and  5).   This  emission  occurs  in  all 
organisms  we  have  investigated,  in  acetone  extracted  or  deter- 
gent treated  chloroplasts,  but  not  in  solutions  of  chlorophyll. 

In  fresh  chloroplasts,  leaves  or  algae,  a  striking  feature 
of  this  emission  band  is  a  requirement  of  light  in  order  to 
fully  develop.   Figure  1  (top  curve)  shows  an  experiment  made 
in  the  following  way:   a  sample  of  chloroplasts  was  kept  in 
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Figure  1 
the  dark  for  a  few  minutes  and  then  cooled  to  liquid  nitrogen 
temperature — also  in  darkness.   Upon  addition  of  the  exciting 
light,  the  fluorescence  intensity  rises  instantaneously  to  a 
certain  level  (Eq)  and  from  thereon  much  more  slowly  until  it 
reaches  a  final  value  (Ejj^ax^* 

An  immediate  rise  of  fluorescence  is  typical  for  pigment 
in  solution,  for  most  of  the  low  temperature  emission  at  730 
mu  ("F730")  and  also  for  the  685-697  bands  in  aged  or  heated 
chloroplasts.   It  indicates  that  already,  before  light  is 
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given,  the  responsible  pigment  molecules  are  in  the  fluores- 
cent state.   The  exponential  build-up  of  part  of  the  698 
emission  in  fresh  leaves  or  chloroplasts  implies  that  the 
responsible  pigment  is  not  in  the  fluorescent  state  to  begin 
with,  but  converted  into  it  by  light.   We  therefore,  must 
assume  the  presence  of  trapping  centers  which  cease  to  be 
traps  as  soon  as  they  have  received  a  quantum. 

One  can  conceive  two  possible  mechanisms:   (a)  the  trapping 
pigment  bleaches  upon  excitation  and  ceases  to  absorb  light 
from  surrounding  pigment  so  that  the  latter  is  free  to  fluo- 
resce, until  the  trap  is  again  restored  in  a  consecutive  pro- 
cess,  (b)  the  trapping  pigment  does  not  bleach  but  converts 
an  associated  molecule.   Unless  the  latter  conversion  is  re- 
stored in  a  consecutive  reaction  the  next  quantum  cannot  be 
used  in  photochemistry  and  will  be  re-emitted  by  the  trapping 
pigment. 

In  either  case,  one  can  determine  the  number  of  traps  by 
measuring  the  number  of  quanta  required  to  raise  the  fluo- 
rescence from  Eo  to  Emax*   Assuming  a  quantum  requirement  of 
one  per  trapping  molecule  and  absence  of  restoration  reactions 
at  77*K,  our  measurements  indicate  a  concentration  of  1  trap 
per  about —50  chlorophyll  molecules.   Though  still  preliminary, 
our  data  probably  show  the  correct  order  of  magnitude;  Kaut- 
sky  et  al.  (2),  observed  at  room  temperature  a  similar  but 
much  faster  initial  rise  of  fluorescence  and  computed  the 
presence  of  1  quencher  per  --^OO  chlorophylls.   Using  Porphy- 
ridium,  Duysens  and  Sweers  (3)  arrived  at  a  ratio  1:150.   V.'e 
indeed  observed  at  77°K  for  F7OO  (and  probably  F685  as  well) 
a  10  times  slower  rise  than  at  300*'K  for  F685. 

This  detrapping  at  low  temperature  indicates  a  photochemi- 
cal phenomenon  probably  correlated  with  a  primary  act  of 
photosynthesis.   Since  as  far  as  we  know  no  corresponding 
color  change  accompanies  this  detrapping,  the  second  of  the 
two  mechanisms  discussed  above  might  be  involved. 

The  number  of  traps  in  this  system  is  much  (^^lOx)  greater 
than  expected  on  the  basis  of  the  classical  photosynthetic 
unit.   Under  appropriate  conditions  the  rise  time  of  F685  at 
room  temperature  reveals  the  same  small  photosynthetic  unit. 
A  trapping  pigment  present  in  so  high  a  concentration  ( — '2-5% 
of  Chi.)  might  be  detectable  by  rather  direct  methods. 

In  the  following  we  will  discuss  some  further  observations 
concerning  long  wave  absorption  and  emission  bands  which  could 
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be  related  to  it. 


II.   Correlation  between  P700,  C7OO  and  the  low  temperature 
emission  bands. 

With  leaves  at  yy^K  Butler  (.k)    observed  a  band  at  705  mu 
in  the  absorption  spectrum  as  well  as  in  the  excitation  spec- 
trum of  fluorescence.   He  assumed  (a)  that  this  pigment  "C705" 
was  the  emitter  of  the  strong  730  mu  fluorescence  band  found 
earlier  by  Brody  (l)  at  77''K  and  (b)  that  0705  was  identical 
to  the  long  wave  chlorophyll  "P7OO"  functioning  as  the  trap- 
ping center  in  the  long  wave  photoact  (system  I)  of  photosyn- 
thesis. 

Identity  of  P7OO  and  C705  appeared  unlikely  because  the 
data  indicated  a  concentration  of  C705  as  high  as  2-5%  of 
total  chlorophyll,  whereas  we  never  observed  P700  in  a  concen- 
tration higher  than  1  per  3OO  or  400  chlorophylls  (5).   An 
identification  of  P7OO  with  F73O  did  not  appear  likely  either: 
The  photochemical  bleaching  of  P700  is  irreversible  at  77°K 
and  a  fluorescence  emission  would  have  to  come  from  its  oxi- 
dized form.   The  possibility  is  not  excluded,  however,  that 
P700  ox  still  does  absorb,  viz. ,  at  69O  mu  (6).   The  follow- 
ing experiments  bear  on  these  questions: 

Expt.  J^ig.  2  shows  emission  spectra  (77°K)  of  chloroplasts 
briefly  treated  v/ith  increasing  concentrations  of  acetone  in 
water  (7).   The  data  show  that  a  low  concentration  of  acetone 
(20%)  decreases  the  730  mu  fluorescence  relatively  less  than 
the  short  wave  bands.   Higher  concentrations  produce  band 

CHLOROPLASTS  TREATED  WITH  INDICATED  PERCENTAGES  ACETONE  TT-K 


700  720 

WAVELENGTH    mfi 


Figure  2 
shifts  and  additional  emissions  in  the  long  wave  region,  and 
also  lower  the  yield  severely.  (The  numbers  in  brackets  indi- 
cate the  factors  applied  to  match  the  curves.)   75%  Acetone 
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removes  practically  all  chlorophyll  and  P700  and  the  extracted 
material  shows  an  emission  spectrum  identical  to  that  of  a 
dilute  chlorophyll  solution.   Treatment  with  65-70%  acetone, 
which  barely  yields  a  loss  of  P700,  results  in  material  which 
shows  relatively  less  fluorescence  at  730  mu  and  relatively 
more  at  685  and  698  mu.   As  was  to  be  expected,  the  emission 
of  such  preparations  is  not  affected  by  the  redox  state  of  P700. 
The  data  of  Fig,  2  indicate  a  closer  correlation  of  P700  with 
the  two  short  wave  bands  than  with  the  long  wave  emissionCs). 
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Figure  3  Figure  h 

Figures  3  and  k   show  data  obtained  with  normal  Scenedesmus 
cells  and  mutant  #8  of  Dr.  N.  Bishop.   This  mutant  is  capable 
of  performing  the  quinone  Hill  reaction  but  not  photosynthe- 
sis and  photoreduction.   Vi/eaver  and  Bishop  (8)  noticed  that 
it  lacked  the  light  induced  fast  EPR  signal,  according  to 
Beinert,  et  al.,  (9)  due  to  the  oxidized  form  of  P700.  lie 
indeed,  did  not  find  a  light  induced  turnover  of  P700  in  this 
mutant  or  extracts  prepared  from  it.   The  difference  between 
the  two  absorption  spectra  in  Fig.  3  shows  a  distinct  band  at 
700  mu  amounting  to  ^10%  of  the  absorbance  at  678  mu.   This 
confirms  Butler's  (k)    and  Brown  and  French's  (lO)  earlier  ob- 
servations of  long  wave  absorption  bands.   One  is  tempted  to 
identify  "C7OO"  with  the  small  amount  (-5%)  of  long  wave 
"oriented"  chlorophyll  which  will  be  discussed  in  this  sym- 
posium by  Dr.  R.  Olson  (cf.  also  11).   The  high  concentration 
of  C7OO  and  its  failure  to  undergo  reversible  photobleaching, 
argue  against  its  identity  with  photocatalyst  P700.   On  the 
other  hand,  the  ability  of  the  mutant  to  evolve  oxygen  |be  it 
at  lower  than  normal  rate  (8)]  despite  the  virtual  absence  of 
C7OO  suggests  that  both  pigments  are  part  of  photosystem  I. 
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One  could  speculate  that  (some  20  molecules  of)  C700  func- 
tion as  energy  collectors  for  (one  molecule  of)  P700.   Ab- 
sence of  CyOO  in  the  mutant  then  would  explain  the  lack  of  a 
light  induced  P700  bleaching  and  EPR  signal — energy  transfer 
being  impeded.   (  This  hypothesis  still  allows  the  presence 
of  pyOO  in  the  mutant — which  remains  to  be  proven). 

An  alternate  hypothesis  identifies  C70O  with  P700:   One 
could  conceive  that  one  of  the  oriented  C700  molecules  upon 
excitation  loses  an  electron  to  primary  acceptor  (X)  and  re- 
gains it  from  cytochrome  f  or  plastocyanin  (6).   If  X,  cyt.  f 
and  P.C.  were  only  present  in  1/20  the  concentration  of  C700 
(1/400  chl.)  one  would  observe  at  any  time  only  one  "P7OO" 
per  400  chlorophylls.   This  hypothesis  would  fit  sensibly  with 
a  rigid  orientation  of  C70O  around  the  reaction  loci  (11). 

Ill,   Sensitization  of  the  various  emission  bands. 

Figure  k   shows  the  fluorescence  emission  spectra  of  the 
two  types  of  Scenedesmus.   At  room  temperature  the  685  fluo- 
rescence of  the  mutant  is  as  high  or  higher  than  that  of  the 
normal  cells  (even  if  the  latter  are  poisoned  with  DGMU  to 
stop  energy  flow  in  order  to  obtain  comparable  conditions). 
We  are  not  certain  whether  the  anomalous  emission  between  700 
and  760  mu  in  Fig.  4  is  typical.   At  77®K  the  mutant  fluo- 
resces stronger  than  the  v/ild  type  at  730  mu,  relatively  weaic 
at  685  mu,  and  the  698  band  is  practically  absent. 

Figures  3  and  k   show  a  distinct  correlation  between  C7OO 
and  the  fluorescence  at  698  mu;   both  are  practicaJLly  absent 
in  the  mutant.   The  simplest  explanation  is  that  C7OO  is  the 
emitter  of  F7OO. 

The  data,  furthermore,  indicate  that  the  (77*'K)  fluores- 
cence at  730  mu  does  not  directly  originate  from  either  C7OO 
or  P700;  F73O  is  high  in  the  mutant  lacking  C70O.   It  actu- 
ally appears  as  if  in  the  normal  alga,  C7OO  functions  as  a 
quencher  for  F685  at  room  temperature  and  possibly  for  F730 
at  77*'K.   Quenching  at  room  temperature  could  at  least  partly 
be  an  indirect  effect:   if  C70O  and/or  P7OO  operated  in  photo- 
system  I  they  would  provide  substrate  for  photosystem  II,  e.g. 
"Qox"  in  (3).   However,  quenching  of  F730  at  low  temperature 
must  be  due  to  a  competition  for  absorbed  quanta  between  C7OO 
and  "C730"  (the  chloro:chyll  responsible  for  F730). 

We  now  meet  a  difficulty:   Butler  (4)  observed,  and  we  con- 
firmed, that  in  leaves,  chloroplasts ,  and  green  algae  (where 
F73O  is  found  at  7l6  mu)  the  sensitization  of  F730  shows  a 
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maximum  at  700-705  mu.   This  700  maximum  is  quite  weak  in 
mutant  #8  and  subtraction  of  the  excitation  spectra  measured 
with  the  two  algae  (as  done  in  Fig.  3  for  the  absorption 
spectra)  yields  a  distinct  band  at  698  mu,  present  in  the 
normal  alga  only.   Obviously  C700  sensitizes  the  emission  at 
730  mu.   This  might  still  be  compatible  with  a  quenching  of 
F73O  if  one  assumes  that  C70O  transfers  energy  from  sensitiz- 
ing pigment  (Chl.  a)  to  P730,  but  either  can  be  bypassed  or 
is  needed  only  in  a  low  concentration  such  as  still  might  be 
present  in  the  mutant:  F700    F730 

hV  — »  Chl  a  — ^  C700^— ^  0730^  (l) 

I r 

In  the  previous  section  we  have  tentatively  located  C7OO 
in  photosystem  I,  if  scheme  (l)  were  correct,  F730  should  be 
sensitized  by  the  same  pigment  system.   To  check  this,  we 
have  measured  the  excitation  spectra  for  F7OO  and  F730  in 
chloroplasts  and  various  types  of  algae.   In  each  species 
these  spectra  proved  to  be  quite  similar  for  the  two  emis- 
sions— which  is  an  argument  for  scheme  (l).   Hovi/ever,  the 
data  failed  to  indicate  a  correlation  with"photosystem  I": 

In  Anacystis  the  excitation  of  F7OO  and  F73O  revealed  the 
typical  ineffectiveness  of  68O  mu  light  (1/2  -  1/3  of  63O 
light)  and  also  lacked  the  700  band  which  is  so  evident  in 
chloroplasts  and  green  algae.   (The  red  alga  TX  27,  however, 
showed  a  distinct  sensitization  band  at  710  mu.) 

Figure  3  shows  the  fluorescence  emission  of  the  alga  TX  27 
excited  either  by  green  light  (3^6  +  378  mu)  which  sensitizes 
photosystem  II  (and  I)  via  phycoerythrin  or  by  blue  light 
(^36  mu)  which  mainly  sensitizes  photosystem  I. 

The  multiplication  factors  required  to  bring  the  spectra 
of  Fig.  5  to  equal  hei^-ht  (indicated  on  the  curves)  show  that 
green  light  is  much  more  effective  than  blue,  both  at  room 
temperature  (4x)  and  at  77°K  (l6x).   Although,  at  77*K  the 
730  band  is  predominant  in  the  blue  excited  emission,  it  stiLl 
is  induced  (9x)  more  effectively  by  green  light.   For  the  683 
and  698  emissions  this  ratio  is  ^50  fold.   The  data  of  Fig.  3 
[xn  accord  with  those  of  Brody  and  Brody  (l)J  do  not  support 
the  simple  thesis  that  "F730"  originates  from  photosystem  I. 
They  further  show  that  F7OO  as  well  as  F683,  even  more  exclu- 
sively than  F730,are  sensitized  by  green  light  i.e.  by  photo- 
system II.   Actually,  also  the  excitation  spectra  measured 
with  green  cells--although  more  difficult  to  analyze — favor 
this  conclusion. 
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Figure  6 


IV,  Fluorescence  yield  and  electron  transport. 

Figure  6  shows  measurements  (made  at  room  temperature)  of 
fluorescence  as  a  function  of  intensity,  run  concurrently 
with  measurements  of  the  rate  of  dye  reduction  by  fresh 
chloroplasts.   In  confirmation  with  the  earlier  analysis  of 
Lumry  et  al.  (12),  the  data  show  that  efficient  electron 
transport  corresponds  to  a  low  yield  of  fluorescence.   In  the 
absence  of  a  Hill  oxidant  the  yield  is  high  at  all  intensi- 
ties.  In  the  presence  of  ferricyanide  the  yield  is  low  in 
weak  light.   Addition  of  NH4CI — which  by  uncoupling  phosphor- 
ylation accelerates  the  rate  by  about  a  factor  two — lowers 
the  fluorescence  yield  even  further  (to  25%  of  the  control 
value).   In  higher  intensities  electron  transport  approaches 
its  saturation  rate  and  the  fluorescence  yield  rises  again. 

Effect  of  Subsequent  Additions  upon  the  Fluorescence 
Yield  of  Fresh  Chloroplasts  in  Weak  Light 


Addition 


Rel.  Yield 


None 

PPNR  (Saturating) 

10"%  TPN 

io-5m  j)cm 

10""^M  DCPIP  +  Ascorbate 


100 
98 
52 
86 
82 


The  above  table  shows  that  addition  of  PPNR  (which  does 
not  induce  significant  electron  transport),  has  no  effect, 
whereas  successive  addition  of  TPN  lowers  the  yield.   Addi- 
tion of  DCMU  again  brings  the  fluorescence  close  to  the  con- 
trol value — indicating  that  electron  transport  stops.   A 
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subsequent  addition  of  indophenol  dye  and  ascorbate,  which 
restores  the  photoreduction  of  TPN  does  not  restore  the 
suppression  of  fluorescence.   We  may  assume  that  the  photo- 
reduction  of  TPN  in  the  presence  of  DCMU  and  reduced  dye 
requires  only  the  long  wave  photoreaction  (6).   Although  this 
conversion  can  occur  with  a  high  quantum  yield,  (13)  it  is 
not  reflected  in  a  suppression  of  fluorescence. 

DISCUSSION 

The  following  scheme  seems  to  satisfy  most  of  the  presented 
data.   It  assumes  that  the  bulk  of  the  light  absorption  is 
carried  out  by  one  pigment  assembly  only.   Some  fluorescence 
escapes  at  all  times  from  the  partners  of  this  collector  sys- 
tem.  Absorbed  quanta  drain  preferentially  in  trapping  mole- 
cules II  which  occur  in  a  concentration  of  1  per   50  Chi. 
(cf.  Fig.  1).   As  long  as  these  traps  are  unexcited  (and  kept 
in  the  receptive  state  by  a  dark  reaction)  only  the  accidental 
(fixed)  fluorescence  occurs. 
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After  a  trap  II  is  photoconverted,  however,  the  next 
excitation  will  flow  on  to  the  long  wave  pigment  C7OO  ["spill 
over"  (16)]  .   Since  the  coupling  with  C700  is  rather  weak, 
this  transfer  competes  with  an  additional  ("variable")  fluo- 
rescence emission  of  the  collector  system  [cf .  Franck  (17)J  . 
If  all  absorbed  quanta  flow  towards  C7OO  (as  in  the  absence 
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of  substrate  or  the  presence  of  DCMU  which  blocks  alternate 
path  II),  the  variable  fluorescence  will  be  maximal,  although 
system  I  might  still  operate  at  full  efficiency  (cf.  Fig.  6, 
Table  1). 

Secondary  collector  C700  transfers  its  excitations  to  the 
final  trap  of  "photosystem  I":   P700.   Upon  excitation  P700 
produces  a  strong  reductant  ("H")  and  is  left  behind  as  a 
weak  oxidant.   Trap  II,  after  its  photoconversion,  is  capable 
of  reducing  PyOO"*"  and  producing  O2.   Except  for  the  fact  that 
it  should  be  (associated  with)  a  chlorophyll  type  pigment,  the 
chemical  nature  of  this  trap  and  its  mode  of  dark  conversion 
are  immaterial  for  the  present  discussion. 

The  data  indicate  that  in  green  plants  C7OC  and  trap  II 
occur  in  about  equal  concentration — but  they  seem  to  exclude 
the  identity  of  the  two  compounds.   [System  II  can  operate  in 
the  absence  of  system  I  (cf.  Section  II)]. 

A  peculiar  feature  of  this  scheme  is  that  the  "primary 
collector  unit"  amounts  to  only   ^0  pigment  molecules--a  sit- 
uation also  found  in  bacterial  photosynthesis  (I8).   For  op- 
timal operation,  each  unit  should,  on  the  average,  transfer 
quanta  to  T  II  and  C7OO  in  the  proper  ratio  (e.g.  1:1),  but 
since  the  mechanism  is  self-regulating  it  does  not  require  a 
definite  ratio  between  T  II  and  C7OO  or  an  association  of 
these  with  a  distinct  group  of  collector  pigment.   This  self- 
regulation  is  effected  by  the  connecting  electron  transport 
system  mediated  by  P700--fed  at  both  ends  by  some  10  small 
units.   The  result  of  this  "double  focussing"  is  the  classicsil 
unit  of  400  chlorophylls. 

The  scheme  provides  for  a  second  "switch"  in  the  transfer 
chain:   quanta  which  fail  to  find  P7OO  can  either  be  degraded 
in  C7OO  itself,  [at  77'*K  re-emitted  as  F7OO  (cf.  Fig.  k)]     or 
escape  to  C730 — v/hich  also  emits  only  at  low  temperature. 
(Long  wave  light  does  not  yield  fluorescence  at  300°K.)   The 
fact  that  at  77*K  a  considerable  fraction  of  the  absorbed 
light  (  50%)  can  be  re-emitted  at  730  mu  (cf.  Fig.  5)  suggests 
that  this  is  a  funci^ionally  significant  process.   One  can  as- 
cribe an  important  task  to  pigment  C730:   the  harmless  degrad- 
ation of  excess  quanta  which  might  otherv;ise  lead  to  photo- 
inhibition. 

In  green  plants  (C700)  amounts  to  only  3-10%  of  (Chi.)  and 
causes  a  decline  of  the  quantum  yield  of  O2  evolution  only 
beyond  69O  mu :   Due  to  the  impossibility  of  reversed  quantum 
flow  traps  II  are  not  excited  by  light  absorbed  by  G7OO 
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itself. 

In  blue-green  algae,  however,  even  680  mu  light  is  used 
ineffectively.   Vi/e  therefore,  assumed  that  in  these  algae 
C700  is  replaced  (or  amplified)  by  a  significant  fraction  of 
the  total  chlorophyll  [indicated  (Chi.  a  1)]  . 
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LIGHT-DRIVEN  CYTOCHROME  REACTIONS  IN  ANACYSTIS  AND  EUGLENA 
John  M.  Olson  and  Robert  M.  Smillie 


The  basic  similarity  in  cytochrome  physiology  between  Anacys- 
tis  nidulans  and  Eiiglena  gracilis,  strain  Z,  is  impressive  in 
view  of  their  gross  dissimilarities  in  size,  structure,  and  pig- 
ment content.  We  have  investigated  the  cytochrome  reactions  by 
sensitive  spectroj^otometric  methods  in  order  to  gain  some  in- 
sight into  the  patterns  of  energy  transfer  from  the  various  light 
receptors  to  the  reaction  centers  involved  in  the  two  photochemi- 
cal reactions  of  green  plant  photosynthesis  and  also  to  elucidate 
the  pathways  of  photosynthetic  electron  transfer.  The  major 
thrust  of  this  presentation  will  be  the  implications  of  experi- 
ments on  whole  cells  in  which  both  wavelength  and  intensity  of 
monochrcmatic  actinic  light  have  been  systematically  varied. 
Some  preliminary  observations  of  the  effect  of  carbonyl  cyanide-m 
chlorophenylhydrazone  (CCCP)  are  presented,  and  the  light-driven 
reduction  of  cytochrome  b,-  in  Euglena  chloroplast  fragments  is 
described. 

INTACT  ALGAE 

Two  Light  Reactions;  The  evidence  for  two  essential  light  re- 
actions which  most  clearly  laid  the  precedents  for  the  present 
work  was  that  obtained  by  Kokd),  Wittv^),  and  Duysens^^).  The 
light-induced  oxidation  of  c-  or  f-type  cytochromes  in  green 
plants  was  clearly  established,  and  the  light-driven  reduction  by 
a  second  photoreaction  was  demonstrated.  We  have  confirmed  the 
observations  by  Amesz  and  Duysens(^)  of  light-driven  cytochrome 
reactions  in  Anacystis  and  have  identified  the  major  ccmponent  to 
be  cytochrome  f-555  on  the  basis  of  the  alpha  trough  at  556  mii  in 
light-minus -dark  difference  spectra.  In  Euglena  the  high  poten- 
tial cytochrome -5 52  reacts  to  light.  The  effects  of  the  two 
photochemical  reactions  on  these  f-type  cytochrcanes  are  illustra- 
ted in  Figure  1.  In  both  algae  far-red  light  causes  a  rapid  oxi- 
dation to  the  steady-state  level;  but  light  below  a  certain  crit- 
ical wavelength  causes  an  initial  rapid  oxidation  followed  by  a 
slower  reduction  to  the  final  steady-state  when  the  proper  inten- 
sity is  used.  The  diphasic  kinetics  disappear  as  the  light  in- 
tensity is  lowered  as  shown  in  Figure  2.  The  curves  ("initial 
peak"  and  "steady-state")  for  0.62  ^  light  in  Figure  2  are 
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typical  in  shape  for  those  wavelengths  which  activate  both  photo- 
chemical reaction  1  (R^,  the  cytochrome -oxidizing  reaction)  and 
reaction  2  (R2,  the  cytochrome -reducing  reaction).  The  steady- 
state  curve  for  0.68  pi  light  is  typical  for  those  wavelengths 
which  activate  R-j^  only.  Completely  analogous  steady-state  ctirves 
have  been  obtained  with  Euglena  using  0.70  p.  light  for  B.-^   and 
0.65  [i   light  for  Rj^  +  Rg.  Kok  and  Beinert^)  have  obtained  from 
Anacystis  cells  curves  of  ESR  signal  intensity  (ascribed  to  pho- 
tocatalyst  P-7OO)  vs.  actinic  light  intensity  which  are  very 
similar  to  our  cytochrome  curves. 

Action  Sx)ectra;  The  relative  effectiveness  of  the  various 
light-absorbing  pigments  in  driving  H-^   and/or  R2  can  be  ascer- 
tained in  principle  by  determining  the  action  spectra  for  light- 
driven  cytochrcane  oxidation  and  for  light-driven  cytochrome  re- 
duction. We  have  derived  action  spectra  frcm  families  of  curves 
of  cytochrcsne  oxidation  vs.  actinic  light  intensity.  In 


EUGLENA:  ACTION   SPECTRA 
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Fig.  3»  Action  spectra  of  cytochrome-552  oxidation  in 
arbitrary  units  of  reciprocal  intensity  compared  to  the 
absorption  spectrum  (l-T)  of  the  -vdiole  cell  suspension. 
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Anacystls  the  action  spectrum  of  R-j_  vas  obtained  by  cooling  the 
cells  to  2"   C  at  \^ich  temperature  the  rate  of  cytochrome  reduc- 
tion by  Rg  is  negligible.  Chlorophyll  a  vas  found  to  be  kO   to  70 
per  cent  more  effective  than  phycocyanin  in  R-j^,  as  vas  found  by 
Amesz  and  Duysens'^/.  We  also  confirmed  the  finding  of  Amesz  and 
Duysens  that  chlorophyll  a  is  also  effective  in  Rg*  although  much 
less  than  is  phycocyanin.  In  Euglena ,  the  action  spectrum  of  Rj^ 
vas  obtained  by  adding  3-(3,^  dichlorophenyl)-l,l-dimethylurea 
(DCMU),  1.5  X  10-5  M,  to  the  cell  suspension  (Fig.  3)  in  order  to 
block  Rg.  Ccanparison  of  the  action  si)ectrum  to  the  absorption 
(1-T)  spectrum  indicates  that  chlorophyll  a  is  effective  in  R^^, 
but  that  a  pigment  vith  an  absorption  peak  at  about  7O5  m^  is 
considerably  more  effective. .  This  pigment  probably  corresponds 
to  Kok's  photocatalyst  P-TOOV^^  and  Butler's  C-705^°^.  When  the 
action  spectrxnn  of  cytochrome  oxidation  (steady-state)  is  deter- 
mined in  the  absence  of  DCMU,  both  R^  and  Rg  determine  the  curve 
marked  CONTROL  in  Figure  3.  The  absorption  spectrum  of  those 
pigments  vhich  are  effective  in  both  B.-^   and  R2  is  obtained  by 
subtracting  the  CONTROL  curve  from  the  DCMU  ciirve.  From  Figure  3 
it  can  be  seen  that  chlorophyll  a  is  effective  in  R2  as  veil  as 
in  Rn .  Chlorophyll  b  apparently  does  not  play  a  unique  role  in 
sensitizing  Rp  in  Euglena,  as  has  been  suggested  in  other  instan- 
ces of  green  plant  photosynthesisC^*"^ . 

Light  Reaction  No.  1;  After  illumination  of  Anacystis  or 
Euglena,  the  cytochrome(s)  oxidized  in  the  light  return  to  the 
reduced  state  in  the  dark,  even  under  conditions  -vAien  Ro  is 
totally  inoperative.  Certain  characteristics  of  the  cytochrome 
response  to  R^  suggest  that  reducing  equivalents  formed  in  R^^  can 
reduce  oxidized  cytochrome(s)  via  a  temperature  sensitive  pathvajt 
The  temperature  sensitivity  of  the  cytochrcxne  reductase  activity 
can  be  seen  from  the  increase  in  the  half  time  for  the  "light- 
off"  cytochrome  reduction  as  the  temperature  is  dropped.  In 
Euglena ,  for  example,  t-^/2   increased  from  ca.  6  sec  at  25*  to  ca. 
26  sec  at  2".  The  temperature -independence  of  the  "light -on" 
cytochrome  oxidation  can  be  seen  from  initial  rate  measurements 
and  from  the  lover  light  intensity  reqiiired  to  maintain  a  given 
level  of  cytochrcme  oxidation  at  lover  temperature.  In  Anacystis, 
for  example,  the  relative  intensities  of  675  m\x   light  required  to 
give  half  maximal  cytochrane  oxidation  at  2°,  20°,  and  37°  vere 
1,  U,  and  10,  respectively.  Evidence  for  a  cyclic  flov  of  elec- 
trons via  a  cytochrome  system  in  R]_  is  provided  by  the  kinetics 
of  the  "light-on"  and  "light-off"  cytochrome  responses  at  very 
lov  light  intensities  in  both  algae.  As  shovn  in  Figure  k,   the 
oxidation  reaction  does  not  become  apparent  immediately  upon 
illumination  vith  very  lov  intensity;  a  definite  lag  occurs.  The 
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maximum  net  rate  of  oxidation  during  the  "light -on"  phase  is  much 
less  than  the  initial  rate  of  reduction  observed  in  the  "light- 
off"  phase.  A  simple  explanation  of  the  "sluggish"  cytochrome  ox- 
idation is  that  the  rate  of  cyclic  electron  flow  is  rapid  enough 
at  room  temperature  to  compete  vith  the  oxidation  reaction  at  low 
light  intensity.  The  maximimi  net  rate  of  oxidation  upon  illumin- 
ation is  not  proportional  to  intensity  at  these  very  low  intensi- 
ties; the  rate  vs.  intensity  curve  is  sigmoid  as  shown  in  Figure 
5,  As  the  temperature  is  dropped,  however,  the  rate  cxurve  more 
nearly  approaches  a  straight  line. 

Quantum  Requirements;  Preliminary  estimates  of  the  quantum 
requirement  for  cytochrome -5 52  oxidation  in  Euglena  range  from  2 
to  8  quanta  per  electron  based  on  rates  of  absorbancy  change  upon 
illxomination.  In  Figure  5  the  slope  of  the  rate  curve  at  2*  indi- 
cates a  quantum  requirement  of  2  if  ^6552  "  ^®5U0  ^^  assumed  to 
be  2  X  10^  M-1  cm"^.  The  lowest  observed  values  are  substantial- 
ly lower  than  the  estimate  of  7-IO  for  Anacystis(^) . 

Cytochrome  b  Reactions;  Light-induced  reactions  of  cytochrome 
b  in  whole  cells  are  ctoservable  only  under  special  circxjmstances. 
Under  physiological  conditions  cytochrome  f-555  is  the  main  pig- 
ment to  respond  in  Anacystis;  sometimes  a  slight  response  of  the 
low  potential  cytochrome  C-550  is  also  obseirved.  In  Euglena , 
only  the  high  potential  cytochrome -5 52  is  observed.  Cytochrome  b 
oxidation  in  Anacystis  caused  by  far-red  light  (O.7O  n)  can  be 
observed  in  addition  to  cytochrome  f  oxidation  when  cells  are 
cooled  to  2"   C  or  \^en  cells  are  permitted  to  become  anaerobic  at 
room  temperature.  In  both  Anacystis  and  Euglena ,  the  addition  of 
5  X  10-5  M  CCCP  permits  the  light-induced  oxidation  of  cytochrome 
b  with  far-red  light  (R^  only)  either  with  or  without  the  oxida- 
tion of  f-type  cytochrome  (Fig.  6).  In  Anacystis  the  cytochrome 
b  oxidation  is  superimposed  on  the  usual  cytochrome  f  +  c  oxida- 
tion. In  Euglena ,  the  cytochrome  b  oxidation  appears  to  replace 
cytochrOTie-552  oxidation  initially,  but  the  cytochrome -5 52  light 
reaction  reappears  almost  completely  after  ^4-0  min  without  appre- 
ciable change  in  the  cytochrome  b  reaction.  The  mechanism  of 
CCCP  action  on  photosynthetic  electron  transfer  is  not  known. 

An  attempt  to  demonstrate  the  light-induced  reduction  of  cyto- 
chrome b  by  R2  in  whole  cells  (Euglena)  indicated  a  possible 
transient  small  increase  in  reduced  cytochrome  upon  illimiination 
with  high  intensity  red  light  (O.65  u) .  The  steady-state  change 
was,  however,  either  zero  or  a  slight  net  oxidation. 
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EFFECT  OF  CI-CCP  ON  CYTOCHROME 
OXIDATION   IN  EUGLENA 
[X  =  0.70/1, 1  =  11x10-*  EINSTEIN  cm-2  sec"'] 
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EUGLENA  CHLOROPIAST  FRAGMENTS 


Cytochrome  b^  Reduction;  When  washed  chloroplast  fragments 
are  prepared  from  Euglena  cells  in  late  log  phase,  most  of  the 
cytochrome -5 52  is  lost.  When  such  fragments  are  suspended  in 
.025  M  Tris,  pH  7.8  with  10-3  M  MgCl2,  strong  light  causes  a 
gradual  reduction  of  cytochrcsne  bg  which  remains  bound  to  the 
fragments  (Fig.  7).  If  the  light  is  turned  off  after  the  reduc- 
tion is  complete,  the  reoxidation  in  the  dark  is  extremely  slow. 
If,  however,  the  light  is  kept  on,  and  the  intensity  dropped  a 
factor  of  10,  a  light-induced  oxidation  of  the  cytochrome  occurs 
after  an  initial  lag  of  about  20  sec  (see  upper  left  insert  in 
Fig.  7).  The  observation  of  a  light-induced  reduction  or  a 
light-induced  oxidation  of  cytochrome  bg  depending  upon  light  in- 
tensity and  the  redox  state  of  the  cytochrome  suggested  that  both 
R2  and  R,  were  still  functioning.  The  absence  of  significant  ox- 
idation tor   reduction)  of  cytochrome  bg  in  the  absence  of  light 
indicated  that  this  cytochrome  cannot  be  merely  a  component  of  an 
electron  transfer  system  which  "short-circuits"  a  single  photo- 
chemical reaction. 
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The  action  spectrum  of  the  light-induced  reduction  of  cyto- 
chrone  b^  in  chloroplast  fragments  is  compared  to  the  action 
spectrtmi  of  cytochrome -5 52  oxidation  in  whole  cells  poisoned  with 
DCMU  in  Figure  8.  The  former  spectrum  corresponds  to  the  action 
spectrum  of  R^*  and  is  further  evidence  that  chlorophyll  a  is 
effective  in  Rp.  The  difference  between  the  normalized  spectra 
for  Rt  and  Rg  indicates  again  that  a  far-red  pigment  analogous  to 
P-700  is  active  in  R^,  but  not  in  R2. 

Effect  of  1,10  Phenanthroline;  This  inhibitor  (10"3  m)  de- 
creased the  steady-state  level  of  cytochrome  b^  reduction  during 
illumination  to  about  10-20  per  cent  of  the  total  change  observed 
in  the  absence  of  inhibitor.  In  addition,  a  rapid  reoxidation  of 
the  cytochrome  b^  took  place  immediately  when  the  light  was  turn- 
ed off.  Therefore,  no  light-induced  oxidation  of  cytochrome  bg 
at  low  intensity  could  be  observed  in  the  presence  of  1,10  phen- 
anthroline. It  appeared  that  the  cytochrome  bg  was  now  part  of  a 
"short  circuit"  of  R2. 

Interaction  of  Cytochrcme-^^^:  When  purified  cytochrCTie-552 
(ca.  10"^  M)  frcm  Euglena  is  added  to  washed  chloroplast  frag- 
ments (ca.  10"^  M  chlorophyll),  illumination  causes  the  oxidation 
(or  reduction)  of  the  added  cytochrome -5 52.  High  intensity  illum- 
ination causes  the  oxidation  of  cytochrome -5 52.  VThen  the  light 
is  turned  off,  a  rapid  reduction  occurs  in  the  dark  with  a  half 
time  of  ca.  6  sec.   (The  light-induced  reduction  of  cytochrome  bg 
which  is  concurrent  with  the  oxidation  of  cytochrome-552  is  about 
1/3  the  change  observed  in  the  absence  of  added  cytochrome-552.) 
Very  low  intensity  illumination  causes  a  relatively  slow  oxida- 
tion of  cytochrome-552,  but  the  final  extent  of  oxidation  is  con- 
siderably greater  than  that  observed  with  high  intensity.  Fur- 
thermore, no  reduction  is  observed  upon  cessation  of  the  light. 
A  light-induced  reduction  of  cytochrome-552  can  be  demonstrated 
with  high  intensity  illumination  after  partial  oxidation  with  low 
intensity  light. 

-k 
Addition  of  5  x  10   M  1,10  phenanthroline  to  the  reaction  mix- 
ture slows  down  the  reduction  of  cytochrome-552.  The  light-in- 
duced oxidation  at  high  intensity  is  at  least  doubled  and  the  sub- 
sequent reduction  in  the  dark  is  slowed  to  about  l/lOth  the  rate 
in  the  absence  of  inhibitor. 

SUMMARY  AND  CONCLUSIONS 

1)  There  is  not  necessarily  a  one-to-one  correspondence  be- 
tween a  given  light-absorbing  pigment  (e.g.  chlorophyll  a)  and  a 
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given  light  reaction  (e.g.  Ri ) .  In  either  Anacystis  or  Euglena, 
a  photon  absorbed  by  chlorophyll  a  has  a  significant  probability 
of  driving  R^  instead  of  R, .  Analysis  of  energy  transfer  path- 
ways should  Be  made  in  terms  of  relative  probabilities  of  energy 
transfer  to  R^^  and  R2  from  a  given  light  absorber. 

2)  The  cytochrome  oxidation  vs.  intensity  curve  (Fig.  2)  for 
actinic  wavelengths  -vdiich  activate  both  R,  and  R^  suggest  that 
the       transfer  ratio  R-i/R2  ^^Y   increase  as  the  light  inten- 
sity is  raised  to  very  high  levels.  This  implies  that  R2  ap- 
proaches light  saturation  at  lower  intensities  than  R, . 

3)  Cytochrome  f  (or  -552)  is  oxidized  by  R-j^  via  a  mechanism 
relatively  insensitive  to  temperature,  and  is  reduced  by  R2  and/ 
or  a  short-circuit  pathway  around  R,  .  Cytochrcane-552  oxidation 
apparently  requires  2  quanta  per  electron.  Cytochrome  reduction 
has  a  temperature  coefficient  of  about  2  per  10  degrees. 

k)     Light-driven  reduction  of  cytochrome  b^  in  Euglena  chloro- 
plast  fragments  and  the  interaction  of  added  cytochrome -5 52  sup- 
ports the  proposal  of  Hill  and  B€ndall(9)  that  electron  flow  frcxn 
R2  to  R^  is  mediated  by  cytochrome  br  and  cytochrome  f  (or  -552). 

5)  The  mechanism  of  1,10  phenanthroline  inhibition  of  the 
Hill  reaction  and  photosynthesis  may  be  linked  to  the  apparent 
short-circuiting  of  R2  via  cytochrome  b^  in  chloroplast  frag- 
ments. ^^*^^ 
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THE  TEMPERATUEE  INSENSITIVE  OXIDATION  OF  CYTOCHROME  F  IN  GREEN 
LEAVES  -  A  PRIMARY  BIOCHMICAL  EVENT  OF  PHOTOSYNTHESIS 

Britton  Chance  and  Walter  D.  Bonner,  Jr. 

The  temperature  insensitive  oxidation  of  a  cytochrome  compon- 
ent adjacent  to  chlorophyll  has  proved  to  be  an  incisive  tool  in 
the  study  of  the  basic  mechanisms  of  primary  photo-reactions  at 
the  biochemical  level.  In  the  context  of  this  paper  the  "primary" 
light-induced  reaction  is  that  which  involves  a  chemical  step, 
and  therefore  we  exclude  the  physical  processes  by  which  chloro- 
phyll may  become  activated. 

A  number  of  aspects  of  the  temperatiire  insensitive  oxidation 
of  cytochrome  c  in  the  purple  sulfur  bacteria  Chromatium  have 
been  siommarized  elsewhere  (l),  and  special  attention  has  recent- 
ly been  paid  to  the  fact  that  the  reaction  is  not  only  temp- 
erature insensitive  but  is  also  viscosity  insensitive  (2).  The 
application  of  this  method  to  green  plants  has  not  previously 
been  very  fruitful.  While  H.  T.  Witt  has  recorded  the  low  temp- 
erature oxidation  of  cytochrome  f,  the  observation  has  been  re- 
stricted to  chloroplast  suspensions  and,  in  fact,  to  chloroplast 
suspensions  which  are  specifically  treated  with  sucrose  in  order 
that  the  effects  be  observed  (3).  As  yet  no  observations  have 
been  made  of  the  low  temperature  response  of  cytochrome  f  in  the 
intact  leaves  of  green  plants,  although  numerous  observations 
have  been  made  at  room  temperature  in  leaves  and  in  suspensions 
of  algae;  for  example,  Chlorella  {k) ,   Anacystis  (5)  and  Porphy- 
ridiiom  (6)and  in  chloroplast s  (T). 

This  paper  describes  the  application  of  the  double-beam  spec- 
trophotometer to  the  detailed  quantitative  study  of  cytochrome  f 
oxidation  at  77  K  in  a  variety  of  leaves.  The  experimental 
res\alt  allows  an  evaluation  of  the  role  of  cytochrome  f  oxidation 
in  relation  to  the"PYoo"  absorption  band.  In  addition,  we  pro- 
vide an  accvirate  representation  of  the  relationship  between  light 
absorption  in  chlorophyll  a  and  the  rate  of  cytochrome  f  oxida- 
tion in  leaves. 

Materials. 

The  materials  used  were  market  spinach  leaves,  leaves  plucked 
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Figure  1.  Light- induced  oxidation  of  cytochrome  f  in  three  types 
of  leaves  and  one  preparation  of  chloroplasts.   680  Ta\i   actinic 
light;  a  downward  deflection  corresponds  to  a  decrease  at  555  or 
55^  niM-  measured  with  respect  to  the  reference  wavelength  (5^0  or 
^'•i-^  ni^).  Light  intensities  employed  relative  to  each  other  are 
indicated  by  the  symbols  "IX"  or  "2X".  Experiment  59,  1  -  ^. 


Material 


ConparlBOn  of  Cytochrome  t  kinetics 

In  different  leaves  and  in  chloroplasts 

at  77^  K 
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directly  from  yoxing  spinach  and  Swiss  chard  plants,  and  chloro- 
plast  preparations  (kindness  of  Mr.  Stephen  Sikes).  Etiolated 
Mung  bean  leaves  were  obtained  directly  from  the  plant  and  were 
greened  for  several  hours  with  the  red  light  prior  to  use.  The 
properties  of  these  leaves  have  been  reported  on  in  more  detail 
by  Dr.  Bonner  (8).  The  leaves  are  held  lightly  between  two 
lucite  plates.  These  preparations  were  rapidly  frozen  by  plung- 
ing them  into  liquid  nitrogen  in  an  aluminxom  holder  of  small 
specific  heat.  Occasionally,  the  leaves  crack  at  low  temperat\ire^ 
especially  if  they  are  held  too  tightly  by  the  lucite  plates. 

The  leaf  absorbancies  are  very  high,  not  only  due  to  their 
chlorophyll  content  (0.3-0.^4-  mmoles/kg  wet  weight)  but  also  due 
to  the  non-specific  light  absorption  of  the  leaf.  The  effective 
transmission  in  this  apparatus  is  1. 6  per  cent  at  TOO  mii  and  even 
less  at  shorter  wavelengths.  Thus,  nearly  complete  absorption  of 
the  incident  light  occurs. 

An  example  of  the  responses  of  these  fovir  types  of  biological 
materials  is  given  in  Fig.  1  where  we  display  on  a  compressed 
time  scale  the  optical  density  decreases  at  555  ^   measured  with 
respect  to  a  nearby  reference  wavelength  (5^0  or  5^^  ^V-)  >      ^^ 
each  one  of  the  four  records,  it  is  seen  that  the  optical  density 
change  of  the  order  of  approximately  0.005  is  obtained.  It  is 
seen  that  a  rapid  downward  deflection  of  the  traces  (corresponding 
to  a  decreased  absorbancy  at  555  niii)  is  obtained  when  the  actinic 
light  (680  rD\i)   is  tTxrned  on.  In  each  case,  the  leaf  thicknesses 
were  between  ,k   and  .6  mm.  Two  levels  of  actinic  intensity  are 
employed  (IX  and  2X).  In  the  case  of  the  chloroplast  suspension 
and  the  Mung  bean  leaves  the  actinic  light  is  interrupted  period- 
ically and  the  oxidation  is  seen  to  come  to  a  halt.  Thus,  the 
effects  of  the  measviring  light  are  not  objectionable  under  the 
experimental  conditions.  However,  small  effects  can  be  observed 
in  the  chloroplast  suspension. 

Table  I  summarizes  a  number  of  properties  of  the  cytochrcme  f 
responses  in  the  four   types  of  leaves  and  the  one  type  of  chloro- 
plast preparation  studied.  As  indicated  in  the  Table,  the  opti- 
cal density  chants  for  the  leaf  thickness  are  in  the  range  of 
0,Oi4-i4-  (Mung  bean  leaves)  to  O.OO69  for  market  spinach  leaf.  The 
rates  of  cytochrome  f  oxidation,  which  will  be  discussed  in  more 
detail  below,  when  put  on  a  basis  of  an  arbitrary  unit  of  light 
intensity,  are  of  a  similar  order  of  magnitude  although  the 
fresh  Swiss  chard  leaf  seems  to  excel  the  other  biological  ma- 
terials, even  the  chloroplast  preparation. 
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EXPEEUMENTAL  METHODS 


A  Dewar  flask  is  attached  onto  the  emergent  light  fitting  of 
the  doulJle-heara  spectrophotoaeter  (9,  10).  Tiie  one  inch  photo -rnul- 
ti-olier  is  attached  directlir  to  the  housing  of  the  Dewar  flask. 
Since  this  Dewar  has  right-angle  windows,  side  illumination  is 
readily  obtained  from  either  a  tvingsten  lemp  (680  va\i   illumination) 
with  appropriate  interference  filter  or  a  mercury  arc  (^3^  "Ua 
illxomination)  with  a  multielement  filter  (Eppendorf).  The  cuvette 
is  held  in  the  pictxire  and  contains  an  aluminiom  block  with  a  pair 
of  lucite  plates  between  which  the  leaf  is  gently  pressed.  A 
smsill  mirror  serves  to  reflect  the  actinic  light  upon  the  leaf, 
out  of  the  way  of  the  measuring  light.  All  other  aspects  of  the 
double-beam  spectrophotometer  are  as  in  previous  communications 
(11).  The  levels  of  actinic  illumination  are  low;  since  cyto- 
chrome f  responds  as  a  "quantum  counter",  high  levels  are  not 
required  to  cause  maximal  oxidation  as  they  are  at  room  tempera- 
ture. We  are  not  reporting  quantum  efficiencies  for  cytochrome 
f  oxidation  in  this  paper  and  therefore  light  intensities  are 
reported  in  arbitrary  \inits.  The  values  are  about  10"^^  to  10"^/ 
Einsteins/cm^/sec . 

\^ea  k36  m\x   excitation  is  employed,  the  rate  of  cytochrome  f 
oxidation  is  slower  than  with  680  m^i  excitation,  as  indicated  in 
the  Figures  below.  However,  the  extent  of  the  reaction  is  the 
same,  since  the  reaction  is  essentially  irreversible. 

Absorbancy  enhancement. 

With  cytochrome  c  the  absorbancy  increment  in  the  oxidized 
minus  reduced  spectra  at  '^9   rap  is  if. 5  times  greater.  Presumably, 
such  values  apply  to  leaves,  but  detailed  controls  are  necessary 
to  ensure  this.  This  factor  is  not  known  for  P700.  For  the 
purposes  of  this  paper,  we  are  emphasizing  the  ratio  of  the  rates 
at  555  and  705  m\x.     This  comparison  may  be  made  by  assuming  the 
same  enhancement  for  the  two  wavelengths  without  the  need  for 
its  absolute  value. 

Effect  of  the  measuring  light. 

At  low  temperatures,  cytochrome  f  becomes  effectively  a  "quan- 
tum counter"  and  therefore,  prior  illTomination  with  undue  inten- 
sities of  excitation  light  will  vitiate  the  desired  response. 
We  have,  however,  illustrated  the  effect  of  a  high  level  of 
measuring  light  intensity  in  Figure  2 .  In  this  illustration,  the 
measuring  light  is  that  obtainable  from  a  3  mn  slit  of  the  Bausch 
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Figure  2.  Illustrations  of  the  kinetics  of  the  light-induced  cytochrome  f 
oxidation  vmder  conditions  where  the  measuring  light  is  of  sufficiently  high 
intensity  to  cause  rapid  oxidation  by  itself.  Time  proceeds  from  left  to 
right.  Tlie  deflection  of  both  traces  with  tirae  indicates  a  decrease  of  ab- 
sorbaiicy  at  555  rjn  with  respect  to  5^0  mu .  The  sensitivities  employed  in 
the  tv70  traces  are  different  and  are  indicated  on  the  diagram.  Response 
tine  of  the  tv/o  traces  is  also  different;  that  of  the  lower  sensitivity  has 
a  lower  response  time  corresponding  to  less  than  l/2  second,  while  the  trace 
for  the  higher  sensitivity  has  a  response  tirae  of  approximately  2  seconds. 
The  moment  of  illtuniiiation  with  actinic  light  is  indicated,  and  its  wave- 
lengtli  is  680ajJ,  A  spinach  leaf  employed  in  this  experiment  \7as  a  mature 
plant  (market  spinach) .  The  rate  of  absorbancy  change  on  illumination  with 
actinic  light  is  indicated  per  leaf  thickness  (0.5  mm)  or  per  centimeter. 
Experiment  53  A  1. 
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Figure  3.  A  ccirpririson  of  the  light  response  of  Swiss  chard  leaf  at  300 
77^'kV  ^Tlie  convention  in  recording  is  similar  ix>  that  of  Figure  2;  i.e., 
t\ro  traces  of  different  sensitivities  and  response  speeds.  The  actinic  il- 
lumination is  680  ran.  Time  proceeds  from  left  to  right;  initial  rate  of  ab- 
sorbancy change  is  calculated  per  leaf  thickness  (O.k   mm).  Experiment  59-6. 

Figure  h.     Lot;  temperature  difference  spectra  for  Sv/iss  chard  and  spinach 
leaves  obtained  with  the  double -beam  spectrophotometer,  according  to  the 
method  illustrated  by  the  preceding  Figure.  A  number  of  similar  leaves 
are  selected  and  illuminated  consecutively  at  Im   temperatures.  The  absorb- 
ancy changes  are  indicated  per  leaf  thickness,  680  mm  actinic  illumination. 
Experiment  62,  58* 


and 
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and  Lonib  monochromators.  Upon  the  moment  of  illumination  of  the 
sample,  a  steady  state  deflection  of  the  two  traces  is  observed 
which  increases  when  the  actinic  light  (680  mu)  is  turned  on.  It 
is  seen  that  the  measviring  light  intensity  is  adequate  to  cause 
an  appreciable  rate  of  oxidation  of  cytochrome  f  and  roughly  half 
of  the  cytochrome  f  has  been  oxidized  by  the  time  the  actinic 
light  is  t\irned  on. 

A  criterion  of  satisfactory  operation  may  be  taken  as  the  ra- 
tio of  the  response  time  of  the  spectrophotometer  (0.3  sec  for  10 
to  90  per  cent  in  this  case)  to  the  time  for  the  measuring  light 
to  cause  an  arbitrary  oxidation  of  cytochrome  f  (lO  per  cent  is 
used  here).  This  ratio,  M,  is  over  kO   here  and  may  be  useful  in 
comparing  different  spectrophotometers. 

With  the  actinic  illumination  employed  here,  a  response  time 
of  1  sec  (10  to  90  per  cent)  is  adequate  in  order  to  diminish  the 
oxidation  of  cytochrome  f  prior  to  illumination.  VJe  have  reduced 
the  spectral  interval  from  3  to  about  1  mji.  In  most  of  the 
traces  which  we  report  here,  the  effect  of  the  meas\iring  light 
prior  to  illumination  with  actinic  light  is  negligible;  the  ratio 
M  is  over  25,  even  when  using  7OO  mij.  as  the  measuring  light. 

The  recording  is  usually  made  with  double  traces  at  different 
gains  and  at  different  response  speeds.  Thus,  the  rapidly  re- 
sponding trace  (  showing  an  upvrard  deflection)  is  at  a  lower  gain 
and  at  a  higher  response  speed  (l  sec),  while  the  downward  de- 
flecting trace  is  at  a  higher  gain  an  a  lower  response  speed  (2- 
3  sec).  However,  the  respective  upward  and  downward  deflections 
of  both  traces  correspond  to  a  decrease  of  absorbancy  at  555  with 
reference  to  5^0  m^. 

In  these  studies  in  which  the  absorbancy  changes  due  to  P70O 
are  measured,  certain  controls  and  precautions  are  observed 
to  insure  that  fluorescence  changes  are  not  causing  artifac- 
tual  responses.  First,  it  should  be  pointed  out  that  the 
observations  of  Butler  (12)  on  the  fluorescence  of  chloro- 
phyll show  that  fluorescence  enhancement  of  approximately  20 
per  cent  caused  by  light  in  the  region  of  620  myi   is  decreased 
considerably  by  light  of  wavelengths  of  TOO  mn.  Therefore,  a 
fluorescence  artifact  would  be  in  the  opposite  direction  from 
the  absorbancy  decrease  observed;  i.e.,  705  ^P-   illumination 
decreases  the  long  wave  fluorescence  of  chlorophyll  relative 
to  that  of  635  niP-.  Thus,  with  the  double-beam  spectrophoto- 
metric  technique,  the  absorbancy  change  woi^ld  not  be  confused 
with  the  fluorescence  change,  as  they  are  in  opposite  direc- 
tions. Secondly,  the  abil5.ty  to  record  the  kinetics  on  a  fast 
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as  well  as  a  slow  time  scale  permits  the  observation  of  the  rela- 
tively instantaneous  fluorescence  change  as  separate  from  the 
kinetics  of  the  P70O  oxidation. 

Steady  state  illumination  allows  the  possibility  of  the  time 
discrimination  between  the  fluorescence  and  absorbancy  changes 
as  the  fluorescence  change  woiold  occur  in  a  short  time,  while 
absorbancy  changes,  as  clearly  indicated  in  the  charts,  requires 
about  half  a  minute  to  reach  the  steady  state  level.  We  have, 
therefore,  reasonable  assurance  that  the  double-beam  method 
guards  against  the  very  annoying  fluorescence  due  to  chlorophyll 
in  emission,  in  the  region  of  TOO  miji. 

When  the  double-beam  spectrophotometer  is  used  with  intense  ac- 
tinic illumination  of  fluorescent  materials,  where  the  average 
photocurrent  may  increase  greatly  during  actinic  illumination,  it 
is  necessary  to  connect  the  photomultiplier  output  directly  to  the 
ac  amplifier,  bypassing  the  chopper  contacts  used  for  calibraUon 
or  for  single- ended  operation.  However,  a  doubling  of  the  aver- 
age photocurrent  causes  no  difficulties. 

EXPERD^[SM!AL  RESULTS 

A  comparison  of  the  light  induced  kinetics  at  room  and  low  temp- 
eratures. 

Figure  3  illustrates  room  and  low  temperature  kinetics  of  a 
Swiss  chard  leaf  upon  illumination  with  68O  m\i   actinic  light. 
This  comparison  is  facilitated  by  the  possibility  of  measuring 
the  room  temperatvire  kinetics  before  filling  the  De>ra,r  flask  with 
liquid  nitrogen.  On  the  left  hand  portion  are  the  room  tempera- 
ture kinetics  which  are  seen  first  to  be  rather  small  in  amplitu* 
in  comparison  with  the  low  temperature  kinetics.   (The  rate  of 
reaction  is  apparently  more  rapid  at  the  low  temperature  in  spite 
of  the  decrease  of  sensitivity  to  absorbancy  changes  at  the  low 
temperatures.)  Two  effects  are  undoubtedly  involved.  First,  an 
enhancement  of  the  absorbancy  change  due  to  increased  light  scat- 
tering and  a  sharpening  of  the  cytochrome  band  occvirs.  Second, 
the  dark  reduction  of  cytochrome  f  which,  at  room  temperature  is 
almost  identical  in  rate  to  the  oxidation,  does  not  occur,  and 
hence,  the  correct  velocity  constant  for  cytochrome  f  oxidation 
can  be  obtained  at  the  lovr  temperatui'e.  This  diagram  suggests 
that  measurements  of  quantum  requirements  for  cyi:ochrome  reac- 
tions may  be  more  acctirately  measured  at  the  low  temperatures  (ll) 

Difference  spectrum  for  illumination  at  low  temperatvires. 

By  choosing  a  n-umber  of  leaves  of  similar  size  and  hence 
thickness,  it  is  possible  to  repeat  the  experiment  of  the  previous 
Figure  3  at  various  wavelengths  of  measuring  light  and  to  obtain 
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Figure  ^.  Illustrating  the  effect  of  light  of  various  vravelen^ths  in  the  red 
region  upon  the  rate  of  cytoclirome  f  oxidation  in  the  S\7iss  chard  leaf  at 
77°  K.  Tine  proceeds  from  left  to  right.  Measuring  light  slits  set  at  1  mu 
cause  little  tneasurahle  oxidation,  Hov/ever,  illumination  with  680  n+i  givt-o 
rise  to  a  rate  of  ij-  x  lO"'^  per  second  per  leaf  thickness  {O.h  mm).  The 
tines  at  which  the  illumination  is  changed  to  various  other  wavelengths  is 
indicated  on  the  diagr-aa.  Eiwerinent  63-I5. 

Figure  6.  A  plot  of  the  effect  of  red  illumination  upon  the  rate  of  cyto- 
chroriT oxidation  for  a  a^iss  chard  leaf  at  77°  K.  The  points  are  taken  from 
the  initial  velocity"  of  a  nuraber  of  similar  Swiss  chard  leaves.  The  rates 
of  absorhancy  change  are  per  leaf  thickness  (0.4  mm).  The  diagram  also  in- 
dicates the  rate  obtained  lith  measuring  light  only.  The  data  are  corrected 
for  the  small  change  of  energy  distriT^ution  of  the  monochromatic  light  over 
the  spectral  interval.  Ecperiment  63. 
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Figure  7.  Activation  of  cj'tochxome  f  oxidation  in  &7iss  chard  leaf  at  77  K 
with  J4-36  mti  actinic  light  obtained  from  a  medium  pressure  mercury  arc  (see 
Fig.  6) .  Tlie  convention  used  in  recording  is  similar  to  that  in  previous  ex- 
periments. Experiment  6I-IO. 
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thereby,  a  "difference  spectrum"  for  the  actinic  effect.  This  is 
illustrated  in  Fig.  1|.  for  Swiss  chard  leaves  and  for  spinach 
leaves .  In  both  cases  there  is  a  large  dimin[ution  of  absorption 
which  has  a  maxinrum  very  near  555  m^^-  In  spinach  leaves,  there 
is  a  possibility  that  a  satellite  band  characteristic  of  cyto- 
chrome f  is  observed,  although  further  experimentation  is  desir- 
able to  ensure  this.  This  satellite  band  is  not  observed  in 
Swiss  chard  leaves,  although  insufficient  data  are  available  at 
present  to  substantiate  this  difference.  It  is  significant, 
however,  that  the  band  at  low  temperature  Isat  555  m\i,   whereas  the 
peak  in  acetone  extracted  spinach  quantasomes  is  clearly  at  552 
mn  (13).  It  is  probable  that  this  difference  is  a  real  one,  that 
cj^ochrome  exists  in  a  different  state  in  the  leaf  than  in  the 
acetone  treated  chloroplasts  or  in  the  extracted  pigment. 

Relative  quantxmi  efficiency  for  cytochrome  f  oxidation. 

As  the  preceding  Figures  clearly  indicated,  the  velocity  of 
cytochrome  f  is  under  control  of  the  intensity  of  the  sctinic 
light.   It  has  occurred  to  us  that  it  would  be  of  considerable 
interest  to  determine  the  effect  of  the  wavelength  of  light  upon 
cytochrome  f  oxidation  since  we  have  here  for  the  first  time, 
the  isolated  prim.ary  chemical  event  of  the  leaf. 

Instead  of  the  fixed  wavelength  actinic  beam  a 

Bausch  and  Lomb  200  mm  focus  grating  monochromator  (1200  line 
grating)  is  employed,  and  is  ilUuninated  with  a  tungsten  lamp. 
The  energy  distribution  of  this  canbination  is  found  to  be  prac- 
tically flat  in  the  region  of  interest  (620-710  m|i).  ?fenual  ro- 
tation of  the  wavelength  knob  controls  the  rate  of  this  chloro- 
phyll at  low  temperatures.  The  monochromator  was  set  with  a  2  imn 
slit  width  (6  m[i  spectral  interval)  which  proved  to  be  adequate 
to  give  rates  of  oxidation  of  c\rtochrome  f  (see  Fig.  3) f   lar::e 
compared  with  the  rate  caused  by  the  measuring  light. 

As  illustrated  by  Fig.  5.,    a  Swiss  chard  leaf  cooled  at  77  K 
illuminated  first  with  a  measiiring  light,  it  is  seen  that 
the  rate  caused  by  the  measuring  light  is  insignificant.  Vfhen 
the  680  mil.  light  is  turned  on  an  abrupt  deflection  of  the  traces 
is  observed  which  proceeds  considerably  more  rapidly  for 
680  m|jL  than  it  does  for  69O  mia.  In  fact,  when  700  mil  light  is 
employed,  the  trace  is  nearly  horizontal.   The  deceleration 
is,  however,  reversible,  and  when  67O  and  then  68O  rau  radiation 
is  employed  there  is  rin   abrupt  acceleration.   Since  the  course 
of  cytochrome  f  oxidation  follows  an  approximately  exponential 
function,  measurements  of  the  rate  were  restricted  approximate- 
ly to  the  first  third  of  the  course  of  the  reaction. 
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Furthermore,  relative  rates  on  ad.^acent  segments  of  the  cvirve 
were  employed. 

A  summary  of  the  resxolts  of  the  nujtiber  of  experiments  is  plot- 
ted in  Fig.  7 .  On  the  ordinates  are  represented  the  rates  of 
ahsorbancy  decrease  at  55O-5UO  mn  (as  measiired  fiom  the  slope  of 
the  curve  similar  to  that  of  the  preceding  Figure),  the  abcissa 
are  values  of  vavelenijth  of  the  actinic  light.  The  dashed  line 
at  the  bottom  of  the  Figure  is  the  rate  obtained  by  the  measure- 
ment light  only,  and  this  is  seen  to  be  negligible  for  all  wave- 
lengths employed.  The  graph  shows  a  plateau  in  the  region 
of  66O-68O  mn  with  an  abrupt  decrease  at  69O  and  TOO  mu.  The 
curve  may  be  interpreted  as  a  decrease  in  quantiom  efficiency  of 
electron  transfer  between  chlorophyll  and  cytochrome  f;  the 
efficiency  falls  to  half  its  value  at  approximately  695  m^.  A 
similar  fall-off  is  fotuid  with  frozen  chloroplast  suspensions. 
One  measiirement  of  a  decrease  of  efficiency  at  6k0  m\x   report- 
ed in  the  oral  presentation  was  foiind  to  be  in  error. 

Absorbancy  changes  at  700-70^  m^i 

In  order  to  observe  the  response  of  the  700  m\i   pigment  under 
conditions  where  the  response  of  cytochrome  f  can  also  be  mea- 
sured, we  have  employed  actinic  excitation  at  k'iS  m\i   from  a 
medium  pressure  mercury  arc .  With  this 

ill\xmination,  a  rate  of  cytochrome  f  oxidation  corresponding  to 
1.0  X  10"^  OD  units/sec  was  obtained  as  is  indicated  in  Fig.  7^ 
where  illumination  occurs  for  a  period  of  20  seconds .  A  second 
period  of  20  second  illumination  carries  the  reaction  nearly  to 
completion. 

If  the  measuring  wavelengths  are  now  changed  to  those  appro- 
priate to  the  700  mp.  pigment  (705-635  mp)  Fig.  8,  ve  find  a  more 
rapid  rate  of  change  of  absorbancy  when  the  meastiring  light  is 
on,  and  note  a  considerable  increase  of  rate  during  the  20  sec- 
ond period  of  actinic  illumination  at  14-36  m|i.  Since  the  sensi- 
tivity is  lower  than  in  the  recordiiig  of  cytochrome  f,  the  rate 
corresponds  to  2.7  x  10"^  OD  units/sec.  A  second  interval  of 
illumination  causes  completion  of  the  reaction. 

A  number  of  features  of  the  reaction  are  of  importeince.  First, 
both  the  reactions  proceed  when  the  measuring  light  is  turned  on, 
and  are  accelerated  simultaneously  when  illuminated  with  actinic 
light.  This  point  will  be  taken  up  in  the  Discussion. 

By  repeating  the  experiment  of  Fig.  ,3  with  different  leaves 
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Figure  8.  Measurements  of  thekinetics  of  absorbancy  change  in  the  region  of 
"P   '""in  a  S\7iss  chard  leaf  frozen  at  the  temperature  of  77°IC.  In  this  case, 
the  measuring  light  (slits  1  mh,)  causes  appreciable  activation  of  the  absorb - 
ancy  change.  However,  the  increase  on  illumination  at  k36  xrii   is  marked.  The 
rate  of  absorbancy  changes  is  calcxaated  per  leaf  thickness  {.k   ram).  Experi- 
ment 61-10. 
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Figure  9.     A   comparison  of  room  and  low  temperature  response  of  cytochrome  f 
in  a  suspension  of  spinach  chloroplasts  (279  MG  chlorophyll  a/ml).  The  ac- 
tinic light  employed  in  both  cases  is  of  the  same  intensity  and  a  wavelength 
of  680  np.  Tlie  appropriate  absorbancy  scales  for  the  two  traces  are  indi- 
cated, tlpon  illumination,  the  absorbancy  at  555  mp.  decreases  with  respect  to 
that  at  ^kO   riyi.  Experiment  57B  56,  57. 


pt 

Ho. 

X 

^°^mx 

ODTl  X  10 

Assumed 

d 

Ac 

a: 
AT 

Chlorophyll 

(cm^^xM"^) 

(ran) 

MM 

pM/aec 

unoles/kg  leaf 
wet  weight 

1 

SJS-Sto 

0.0060 

1.0 

20 

0.1. 

.76 

.12 

IKX) 

8 

705-635 

0.0125 

2.7 

80 

0.4 

.•38 

.085 

WlO 

TABLE  II 

77 


Britton  Chance  and  Walter  D.  Bonner,  Jr. 


and  with  a  variety  of  measuring  wavelengths,  the  difference  spec- 
trum for  the  TOO  mp.  pigment  can  be  determined,  and  it  is  fo\md  to 
lie  between  TOO  and  T05  mu  in  accordance  with  the  results  of  Witt 
(T)  and  Kok  (ik).     At  low  temperatures,  the  half  width  of  the 
band  is  roughly  10  mjj.. 

Data  calculated  from  Fig.  S  are  summarized  in  Table  II.  The 
maximum  absorbancy  change  in  the  long  wave  region  is  about  twice 
that  at  the  shorter  i/ave  region  and  the  rate  in  the  longer  wave 
region  three  times  that  in  the  shorter  wave  region.  We  maJce  the 
usual  assumption  that  the  extinction  coefficient  of  the  TOO  mu 
compound  is  the  same  as  that  of  chlorophyll  a  at  680  m|i,  and 
further  assume  that  the  extinction  coefficients  of  cytochroane  f 
and  Pyoo  change  in  proportion  at  low  temperatures.  On  this  basis, 
the  ratio  of  the  concentrations  of  tte  two  substances  is  about  2 
to  1.  The  ratio  of  the  rates  is  of  more  interest;  the  molar  rates 
of  absorbancy  change  are  about  equal  (act-ually,  the  cytochrome  f 
rate  is  1.^4-  times  the  Ptoo  rate).  It  should  be  emphasized,  how- 
ever, that  these  comparisons  are  only  approximate  and  may  be  re- 
vised when  more  acciorate  data  are  obtained. 

DISCUSSION 

The  observation  of  cytochrome  f  oxidation  isolated  from  other 
reactions  of  the  complex  matrix  of  photochemistry  and  biochem- 
istry allows  a  detailed  study  of  the  mechanism  of  the  electron 
transfer  reaction  between  cytochrome  f  and  chlorophyll.  While 
it  is  not  the  purpose  of  this  preliminary  note  to  discuss  this 
in  detail,  it  is  apparent  that  the  accurate  recordings  of  the 
kinetics  in  the  illuminated  frozen  leaf  will  be  of  great  advan- 
tage in  further  experimentation. 

The  present  discussion  will  be  limited  to  a  consideration  of 
the  low  temperature  oxidation  of  cytochrome  f  in  relation  to  the 
oxidation  of  cytochrome  cg  in  photo synthetic  bacteria  and  to  the 
absorbancy  change  at  TOO  m^i. 

Properties  of  the  lovr  tonperature  oxidations  of  cytochrome  f  and 
cytochrome  c^' 

Our  previous  observation  of  the  kinetics  of  oxidation  of  cyto- 
chrome C2  in  Chromatium  at  liquid  nitrogen  temperatures  (U)  is 
supported  by  the  observation  of  the  cytochrome  f  kinetics  in 
leaves.  These  results  greatly  extend  those  obtained  on  aged  chlo- 
roplast  suspensions  by  Witt  (T).   It  is  clear  from  these  results 
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that  the  electron  transfer  reaction  "betveen  cytochrome  and  chlor- 
ophyll is  very  unusual;  its  temperature  insensltivity  underlines 
the  jxrxtaposition  of  these  tvo  metalloporphyrins  in  a  vay  so  that 
collision  reactions  are  not  required  for  electron  transfer.  In 
this  paper,  ve  have  not  yet  determined  the  quantum  requirement 
for  cytochrome  f  oxidation  at  the  lov  temperature,  but  it  can  be 
inferred  from  the  kinetic  data  of  Fig.  k  vhere  the  low  tempera- 
ture rate  is  considerably  faster  than  the  room  temperature  rate, 
that  the  quantum  efficiency  is  probably  high. 

It  is  of  interest  that  the  oxidation  of  cytochrome  f  at  low 
temperatures  is  rapid  in  aged  spinach  chloroplasts  as  foiind  by 
Witt  and  extended  by  us  to  fresh  spinach  chloroplasts  (Fig.  9). 
This  is  not  true  of  Chromatiijm  chromatophores  which  have  been 
found  by  us  (l5),  to  be  more  temperatxire  sensitive  than  the  reac- 
tions in  the  intact  cells;  the  reaction  comes  to  a  halt  at  77  K. 
It  has  further  been  noted  by  Duysens  (l6)  that  some  algae  show  a 
rate  limitation  in  cytochrome  oxidation  at  low  temperatures. 
Whether  or  not  this  is  due  to  a  basic  difference  in  the  mechanism 
or  whether  the  essential  orientation  of  cytochrome  and  chlorophyll 
is  deranged  during  the  freezing  of  some  materials  and  not  others 
cannot  be  stated  at  the  present  time. 

In  Dreliminary  experiments  we  have  examined  the  effectiveness 
of  red-light  in  cytochrome  f  oxidation  and  find  thot  the  rate  of 
oxidation'falls  to  half  the  maximum  value  at  spproximaLoly  695mn. 
In  other  words,  the  quantum  efficiency  falls  to  half  maximal  val- 
at  695  mn.  This  result  gives  evidence  for  the  intimate  identifi- 
cation of  cytochrome  f  with  system  I  in  the  leaf. 

Kinetics  of  cytochrome  f  and  Pyoo 

The  possibility  of  measuring  absorbancy  changes  corresponding 
to  these  two  components  in  the  frozen  leaf  would  appear  to  pre- 
sent optimal  conditions  for  a  critical  evaluation  of  the  possi- 
bilities of  their  interaction  (l^).  Under  these  conditions, 
thermal  reactions  in  which  the  two  might  be  involved  would  be 
negligible  and  any  possibilities  for  their  direct  interaction 
might  be  observable. 

In  the  intact  leaves,  we  routinely  observe  absorbancy  changes 
at  555  and  705  m|i  typified  by  the  data  of  Table  II,  approximately 
double  the  absorbancy  change  at  705  as  compared  with  555  m^.   In 
fresh  chloroplasts  the  absorbancy  change  at  555  m|j.  is  observed  in 
roughly  the  same  relationship  to  the  chlorophyll  content  as  in 
the  intact  leaves  (see  Fig.  9).     At  700  m^,  less  than  one  fifth 
the  absorbancy  change  is  observed  and  this  is  partly  reversible 
on  cessation  of  actinic  illumination.  This  result  at  700  m^  may 
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be  compared  vlth  that  of  Witt  (3)  who  states  that  he  was  unable 
to  observe  any  changes  at  700  m[i   in  fresh  chloroplasts .  It  is 
possible  that  the  reversible  light  response  at  TOO  m\x   is  associ- 
ated vith  some  damage  to  the  leaves. 

One  possible  explanation  is  based  upon  the  idea  that  tvo 
light-induced  oxidations  occur  at  low  temperatures .  The  disap- 
pearance of  absorption  at  TOO  m\x   is  concluded  to  represent  an 
oxidation  state  of  chlorophyll  but  its  chemical  configuration  is 
quite  unknown  (l^).  The  evidence  for  the  oxidation  of  cytochrome 
f  is  fiiroly  based  upon  the  disappearance  of  the  characteristic 
absorption  band  of  ferrocytochrome  f .  It  becomes,  therefore,  of 
considerable  interest  to  determine  vhich  is  oxidized  more  rapidly. 
As  Table  II  indicates,  the  absorbancy  decrease  is  relatively  more 
rapid  at  T05  mn  than  at  555  m|i.  Hovever,  a  comparison  of  Figs. 
8  to  9  indicates  that  the  reactions  come  to  completion  at  about 
the  same  time.  In  Table  II,  ve  have  attempted  to  make  the  com- 
parison more  meaningful  by  converting  the  rates  of  absorbancy 
change  to  molar  rates,  making  assumptions  vhich  need,  hovever,  a 
detailed  study  and  critical  evaluation.  Hovever,  the  simple 
assumption  that  the  extinction  coefficient  of  cytochrome  and 
chlorophyll  bear  the  same  relation  to  each  other  at  lov  tempera- 
t\ires  as  they  do  at  room  temperatures  brings  the  rates  of  the 
light-induced  reactions  of  cytochrome  f  and  '^^qq   closely  to  the 
same  range,  cytochrome  f  being  slightly  faster  than  PyoO*  "^^  ^^® 
basis  of  any  of  a  number  of  simple  mechanisms,  it  appears  that 
neither  cytochrome  f  nor  Pyoo  ^^  ^  ^^'^®  limiting  intermediate  in 
the  oxidation  of  the  other. 

Even  qualitative  aspects  are  useful  in  this  respect.  First, 
there  is  no  induction  period  in  the  light -induced  oxidation  of 
either  of  these  pigments  vhich  vould  suggest  a  sequential  reac- 
tion, i.e.,  a  delay  in  the  oxidation  of  cytochrome  f  prior  to 
the  oxidation  of  'P'jqq   and  vice  versa.  This  lack  of  induction 
period  is  also  observed  at  the  measuring  light  and  actinic  light 
intensities.  One  mechanism,  vhich  appears  to  meet  the  needs  of 
the  kinetic  data  is  that  cytochrome  f  and  P^^qq  are  interacting 
vith  different  chlorophyll  molecules,  vith  cytochrome  f  being  at 
the  active  center  of  the  photosynthetic  unit  and  Pyoo  ^^i^S  at  a 
chlorophyll  molecule  vhich  is  on  the  energy  transfer  pathvay  from 
the  initial  receptor  to  the  active  center.   It  is  apparent  that 
a  very  detai led  examination  of  the  quantim  requirements  for  these 
tvo  light -induced  oxidations  vould  be  of  great  importance  in  this 
respect.  Since  both  oxidation  reactions  occur  simultaneously, 
their  quantum  requirements  should  be  additive . 
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/Actually  there  -tvcwld  appear  to  he  no  need  for  a  spectroscopi- 
cally  distinct  forra  of  chlorophyll  to  be  formed  simultaneously 
\i±th   the  oxidation  of  cytochrome  f ,  presumably  the  metastahle 
state  of  chlorophyll  -which  acts  as  the  energy  trap  for  the  ini- 
tial light  reaction  could  accept  an  electron  from  cytochrome  and 
transfer  it  to  the  electron  donor  in  a  temperature  insensitive  re- 
action, \7ithout  the  need  for  the  accumulation  of  a  measurable 
amount  of  a  chlorophyll  intermediate. 

A  second  mechanism  that  fits  the  needs  of  the  experimental 
data  and  which  tak;es  into  account  the  certainty  vith  vhlch  the 
disappearance  of  the  555  niia  band  of  cytochrome  f  indicates  an 
oxidation  of  ferro-cytochrome  f  is  that  the  Pyoo  absorption  is 
actually  that  of  a  reduced  chlorophyll  intermediate .  Under  these 
conditions,  an  exact  correspondence  of  the  molar  rates  of  change 
•would  be  expected.  Before  this  hypothesis  can  be  considered 
seriously,  the  apparently  sound  basis  upon  which  it  has  been  con- 
cluded that  P700  i^  ^^  oxidized  forra  of  chlorophyll  must  be  crit- 
ically reexamined  (l^). 

SUMMARY 

1.  The  demonstration  of  the  temperature  insensitive  oxidation 
of  cytochrome  f  in  leaves  of  three  types  of  plants  is  reported; 
difference  spectra  are  provided  and  the  kinetics  of  the  change 
are  measured. 

2.  The  g^u8Ji"tum  efficiency  for  cytochrome  f  oxidation  falls 
rapidly  in  the  red  region,  a  half  maximal  efficiency  is  obtained 
at  approximately  695  it^I^* 

3.  The  rates  of  light-induced  absorbancy  changes  due  to  cyto- 
chrome f  and  to  Pvoo  have  been  compared  at  temperatures  of  liquid 
nitrogen.  Wiile  ihe  times  for  completion  of  the  two  reactions 
are  approximately  the  same,  the  TOO  mia  change  corresponds  to  a 
larger  absorbancy  and  hence,  has  a  larger  optical  rate.  However, 
conversion  to  a  molar  basis  (assuming  that  the  effect  of  tempera- 
ture upon  the  extinction  coefficient  of  chlorophyll  is  the  same 
as  that  upon  cytochrorae  f )  brings  the  two  rates  approximately  in- 
to agreement  at  the  two  values  of  light  intensity  employed  here. 

k.     Two  reaction  mechanisms  fit  the  experimental  data:  a)  that 
cytochrome  f  and  P700  ^^^^"^  ^^   different  chlorophyll  molecules, 
cytochrome  f  presumably  reacting  at  the  photosynthetically  reac- 
tive center,  and  P700  acting  at  a  chlorophyll  molecule  involved 
in  energy  transfer;  and  b)  that  cytochrome  f  and  P^qq  react  at 
the  same  active  center  and  that  cytochrome  f  is  an  electron  donor 
and  P7QQ  an  electron  acceptor.  The  first  mechanism  is  consistent 
with  che  data  of  other  workers;  the  second  is  not  in  agreement 
with  studies  of  the  oxidation-reduction  reactions  of  PyqO' 
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FOOTNOTE 

In  the  verbal  presentation  of  this  paper,  it  was  noted  that  the 
ahsorbancy  decrease  at  705  m^  reverted  tovards  the  baseline  after 
cessation  of  actinic  illumination.  The  experiments  have  been  re- 
peated, but  the  results  are  irregular.  Since  the  main  conclusions 
on  the  relationship  of  cytochrome  f  and  T^qq   do  not  depend  upon 
this  observation,  this  paper  reports  only  observations  \inder 
conditions  in  which  the  absorbancy  change  due  to  illumination  at 
low  temperatures  is  apparently  stable. 
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LIGHT  INDUCED  OPTICAL  CHANGES  IN  GREEN  LEAVES 
Walter  Bonner  and  Robert  Hill 

INTRODUCTION 

In  a  previous  account  of  some  work  by  the  present  authors  (1) 
accumulated  evidence  was  presented  suggesting  that  light  init- 
iated oxidation-reduction  reactions  in  higher  plants  involved 
cytochromes  f^  and  b^.  As  yet,  there  are  no  unequivocal  data 
relating  to  rapid  changes  in  the  oxidation  states  of  cytochromes 
f  and  b^  on  illumination  of  green  leaves  or  isolated  chloroplasts. 
Light  induced  optical  changes,  which  have  been  said  to  correspond 
to  cytochromes,  have  been  described  in  isolated  chloroplasts  of 
higher  plants  by  Lundegardh  (2),  James  and  Leach  (3),  and  Muller, 
et.  al_.  (4),   The  present  paper  describes  the  rapid  oxidation  of 
cytochrome  f  which  occurs  on  illumination  of  green  leaves  and, 
in  addition7  some  observations  pertaining  to  cytochrome  b(,.     An 
abstract  of  some  of  this  work  has  been  published  (5). 

METHODS 

Etiolated  leaves  of  mung  bean  (Phaseolus  areus)  were  obtained 
from  seedlings  grown  in  the  dark  at  25°. Spinach  leaves  were 
obtained  from  locally  grown  plants;  spinach  chloroplasts  were  pre- 
pared by  standard  procedures.   Optical  measurements  were  per- 
formed either  with  a  double-beam  differential  spectrophotometer 
or  with  a  rapid  scanning  split-beam  spectrophotometer;  both  of 
these  instruments  were  similar  to  ones  already  described  (6), 
Leaves  were  mounted  on  a  specially  constructed  rack  which  fitted 
into  a  moist  chamber  and  suspensions  of  chloroplasts  or  algae 
were  placed  directly  into  the  moist  chamber.  The  basic  design 
of  the  moist  chamber  has  been  described  previously  (7).   Actinic 
light  was  provided  with  a  Unitron  Koehler  illuminator  equipped 
with  suitable  inCerference  filters.   In  all  experiments  the 
photomult ipler  of  the  spectrophotometer  was  shielded  from  the 
actinic  light  with  suitable  filters.  The  visual  optical  obser- 
vations were  performed  with  a  low-dispersion  microspectroscope; 
the  optical  path  of  the  comparison  prism  was  equipped  with  two 
wedged  troughs. 

RESULTS 

Cytochromes  f^  and  b^  are  easily  observed  in  acetone  extracted 
chloroplasts  and  in  etiolated  leaves  (1).   It  is  also  apparent 
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that  in  certain  selected  algal  mutants  it  is  possible  to  make 
direct  observations  on  the  chloroplast  cytochromes  (8)  and  Indeed 
in  one  of  them,  to  show  light  induced  oxidations  of  cytochrome  f^ 
and  of  a  b-type  cytochrome  (8,9).   The  small  etiolated  leaves  of 
mung  bean  seedlings  show  intense  bands  of  both  plastid  cyto- 
chromes when  the  leaves  are  observed  through  a  direct  vision  micro- 
spectroscope.  Furthermore,  it  is  possible  to  record  a  spectrum 
of  the  two  cytochromes  in  a  suspension  of  plastids  prepared  from 
etiolated  mung  bean  leaves.   Figure  1  shows  such  a  spectrum. 


— I 1 1 1 r 

510   530  550  570  590 


Fig,  1  Low  temperature  (77°K)  difference  spectrum,  reduced- 
oxidized,  of  a  suspension  of  plastids  isolated  from  etiolated 
mung  bean  leaves. 

The  small  etiolated  mung  bean  leaves,  minus  their  mid-ribs 
could  be  relatively  easily  layered  on  a  special  rack  which 
fitted  into  the  moist  chamber  and  which  in  turn,  fitted  into  the 
optical  path  of  the  double-beam  differential  spectrophotometer. 
Both  of  the  authors  are  deeply  indebted  to  Dr.  Hiroshi  Ikuma  who 
possesses  great  skill  in  the  delicate  operation  of  mung  bean  leaf 
mounting. 

No  light  induced  optical  changes  could  be  observed  in  the 
etiolated  leaves,  in  the  region  between  500  and  580  mn,  until  the 
leaves  had  been  allowed  to  produce  some  chlorophyll.   Greening  of 
the  leaves  was  accomplished  by  illuminating  them,  in  the  moist 
chamber,  with  lov?  intensity  red  light.  The  filter  used  for  green- 
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ing  had  a  wide  band  with  707.  transmission  between  680  and  1000  ti^i 
Figure  2  shows  the  development  of  a  light-activated  response 
following  chlorophyll  formation  in  the  mung  bean  leaves,  a  res- 
ponse that  corresponds  to  the  oxidation  of  cytochrome  f. 


Initial  Response  I  Hour 


554-544 


Fig.  2  Development  of  the  light  activated  cytochrome  f  oxidation 
during  greening  of  etiolated  mung  bean  leaves.  The  times  indi- 
cated refer  to  the  number  of  hours  the  leaves  were  exposed  to 
broad-band,  low  intensity  red  light. 

Light  induced  cytochrome  f  oxidation  could  be  observed  in  a 
relatively  short  time  following  initiation  of  chlorophyll  form- 
ation.  Maximal  response  was  obtained  after  three  hours  of 
greening,  at  which  time  the  leaves  were  very  slightly  tinged  with 
green.  Further  greeningof  the  leaves  did  not  increase  the  extent 
of  the  light  induced  cytochrome  f  oxidation,  but  did  markedly  in- 
crease the  rate  of  the  response."  A  relatively  high  light  inten- 
sity was  required  for  cytochrome  f  oxidation  in  these  partially 
greened  leaves  (Figure  3).       "" 
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Effect  Of  Light  Intensity  On  Cytochrome  f  Oxidation 
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Fig.  3  The  relation  between  extent  of  cytochrome  Jf  oxidation  and 
light  intensity  in  partially  greened  mung  bean  leaves. 

Light  induced  cytochrome  f^  oxidation  was  activated  with  700-m^i 
actinic  light  only;  640,  660,  and  680  mp.  were  ineffective,   700 
m^i  actinic  light  did  not  cause  noticable  greening  of  the  leaves, 
a  fact  that  clearly  separates  the  events  leading  to  the  res- 
ponse and  the  activation  of  the  response, 

A  spectrum  of  the  700  m^  light  activated  responses  in  part- 
ially greened  mung  bean  leaves  is  shown  in  Figure  4,  a  spectrum 
that  corresponds  remarkably  well  to  that  of  cytochrome  f^. 
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Fig,  4  The  light 
activated  optical  res- 
ponses of  partially 
greened  mung  bean  leave 
plotted  as  a  function  of 
wave  length. 
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The  spectrum  of  Figure  4  shows  the ei -band  of  cytochrome  JE  and 
some  semblence  of  the  3-band;  the  complete  absence  of  the  518 
response  is  worthy  of  note.   In  this  spectrum  559  m^i  appears  to 
be  isosbestic  and  at  longer  wave-lengths  there  is  a  region  of 
decreased  transmission,  a  decrease  in  transmission  that  could  be 
interpreted  as  light  induced  cytochrome  b^  reduction.   In  these 
experiments  there  were  suggestions  that  as  the  mung  bean  leaves 
formed  chlorophyll  the  ©(-band  of  cytochrome  b^  became  broader 
and  shifted  toward  the  red.   However,  if  one  measured,  during 
greening,  both  the  amount  of  chlorophyll  and  the  amount  of  cyto- 
chrome b^  using  visual  optical  methods  (a  direct-vision  micro- 
spectroscope,  the  optical  path  of  the  comparison  prism  being 
equipped  with  two  wedged  troughs  containing  respectively  a 
standard  chlorophyll  a  solution  and  a  standard  hemochromogen 
solution)  it  was  observed  that  cytochrome  b^  gradually  disap- 
peared as  the  chlorophyll  concentration  increased  but  theo^-band 
of  cytochrome  b^  remained  remarkedly  sharp  at  560  mp,  as  long  as 
it  could  be  observed.  The  results  from  experiments  using  both 
the  differential  spectrophotometer  and  the  direct  vision  micro- 
spectroscope  can  be  interpreted  in  three  ways:   1)  There  is 
formation  of  a  chlorophyll-cytochrome  complex,  a  complex  which 
could  be  similar  to  that  of  Takamiya  et.  al^,   (this  symposium). 
In  the  case  of  the  mung  bean  leaf  the  complex  would  be  between 
cytochrome  b^  and  chlorophyll  a  since  only  chlorophyll  a  is 
formed  during  these  early  stages  of  greening;  2)  One  is  observ- 
ing the  light  activated  oxidation  of  cytochrome  bg  an  oxidation 
that  requires  a  higher  chlorophyll  concentration  than  the  corres- 
ponding reaction  with  cytochrome  f_;    3)  The  fact  that  in  the 
partially  greened  leaf  (and  in  the  fully  greened  leaf  also)  there 
is  no  light  induced  optical  response  in  the  region  of  cytochrome 
b5  oC-band  absorption  (560-570  mn)  while mder  the  same  condi- 
tions there  is  a  rapid  light  induced  oxidation  of  cytochrome  f 
might  point  to  the  conclusion  that  cytochrome  b^  does  not  par~ 
ticipate  in  light  activated  electron  transport. 

Oxidized  cytochrome  f^,  like  oxidized  cytochrome  c,  possesses 
a  region  of  steadily  increasing  opacity  in  the  region  560-570  mn; 
the  transmission  decrease  between  560  and  570  mn  shown  in  the 
spectrum  of  Figure  4  can  be  interpreted  as  being  caused  by  the 
formation  of  oxidized  cytochrome  f^.   For  this  reason  and  because 
the  spectrum  of  cytochrome  b^  remains  sharp  up  to  the  point  of 
its  disappearance,  the  gradual  disappearance  of  cytochrome  bg 
with  greening  appears  to  be  caused  by  a  light  activated  oxidation 
of  this  component.   In  these  experiments  a  light  induced  cyto- 
chrome b^  reduction  was  observed,  but  only  in  ruptured  chloro- 
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plasts.   No  light  induced  oxidations  or  reductions  of  cytochrome 
b^  were  found  In  whole  chloroplasts  or  in  green  leaves. 

Having  learned  the  technique  of  observing  light  induced 
optical  changes  in  partially  greened  leaves,  it  was  relatively 
simple  to  record  light  induced  cytochrome  f^  oxidation  in  a  large 
variety  of  fully  greened  leaves,  in  green  algae  (Chlorella, 
Chlamydomonas)  and  in  blue-green  algae.   The  light  activated 
spectral  responses  in  a  fully  green  spinach  leaf  are  shown  in 
Figure  5  where  again  the  characteristic  assymetric  a-band  of 
cytochrome  f^  is  strikingly  apparent,  but  unlike  the  partially 
greened  mung  bean  leaf,  the  fully  greened  leaf  shows  the  response 
at  518  m^..   There  is  no  518  m|j.  response  in  Euglena  graciles  or  in 
Anacystis  nidulans,  an  observation  in  confirmation  of  Olson  and 
Smillie  (this  symposium)  and  of  Amesz  and  Duysens  (10), 

Light  Induced  Responitt 
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Fig,  5  The  light  activated  optical  responses  of  a  fully  green 
mature  spinach  leaf  plotted  as  a  function  of  wave  length. 

It  is  shown  in  another  paper  (Chance  and  Bonner,  this 
symposium)  that  the  light  induced  oxidation  of  cytochrome  f^ 
proceeds  at  77°  K  and  the  oxidation  rate  is  more  rapid  at  this 
temperature  than  at  25°  C.   Even  so,  the  "on"  and  "off"  responses 
of  the  partially  greened  be^n  leaves  are  remarkably  fast  at  25oC. 
The  partially  greened  leaf  has  the  terrific  virtue  that  in  the 
kinds  of  experiments  described  here  there  is  a  negligible  effect 
of  the  measuring  light  on  the  cytochrome  f_  response,  a  situation 
that  depends  on  the  low  chlorophyll  concentration  and  hence  the 
high  light  intensity  requirement  and  one  that  does  not  exist  in 
fully  greened  tissues  or  cells.   The  "on"  and  "off"  responses  for 
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cytochrome  f^  oxidation  in  partially  greened  mung  bean  leaves  are 
shown  in  Figure  6.   It  may  be  seen  in  this  figure  that  the  dark 
reduction  of  cytochrome  f^  is  rapid,  so  rapid  in  fact  that  the 
techniques  that  have  been  used  previously  to  observe  light 
induced  optical  changes  in  chloroplasts  (2,3)  and  in  Chlorella 
(11)  would  fail  in  any  attempt  to  obsei*ve  specific  light  induced 
changes. 


AQD.=  0.005 


Fig.  6  An  illustration  of  the  time  relations  involved  in  light 
activated  cytochrome  f^  oxidation  and  the  subsequent  dark 
reduction  of  cytochrome  f^  in  partially  greened  mung  bean  leaves. 

DISCUSSION 


The  paper  documents,  for  the  first  time,  specific  light- 
induced  optical  changes  in  the  partially  greened  leaf  as  well  as 
in  fully  greened  leaves  and  in  green  algae.   This  papsr  also  con- 
firms the  observations  of  Amesz  and  Duysens  (10)  and  of  Olson  and 
Smillie  (this  symposium)  relating  to  the  light-induced  cytochrome 
f^  oxidation  in  Anacystis  and  in  Euglena.   The  accumulated  exper- 
ience gained  through  comparison  of  the  light-activated  cytochrome 
£  oxidation  in  partially  greened  leaves  and  in  various  fully 
greened  leaves  has  emphasized  the  need  for  considerable  care  in 
investigations  on  fully  greened  leaves.   Extra  precautions  are 
required  because  of  a  low  light  requirement  that  can  be  met, 
partially,  by  the  measuring  light.   The  partially  greened  leaf 
has  three  distinct  advantages,  compared  to  the  green  leaf:   (a) 
better  optical  properties;   (b)  the  high  light  intensity  require- 
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ment  for  cytochrome  f_   oxidation,  a  requirement  that  negates 
possible  influences  of  the  measuring  light,  and  (c)  the  control  of 
the  development  of  light  activated  responses  through  control  of 
the  leaf  chlorophyll  content. 

The  observation  that  light-induced  cytochrome  £  oxidation 
can  be  observed  after  an  etiolated  leaf  has  been  allowed  to  forr> 
some  chlorophyll  is  simply  a  prelude  to  the  observations  that 
now  must  follow.  What  is  the  role  of  cytochrome  b^,   does  it  form 
a  complex  with  chlorophyll,  is  it  oxidized  or  reduced  by  light, 
or  does  it  have  any  role  in  photosynthetic  electron  transport? 
Very  precise  data  are  now  needed  on  rates  of  chlorophyll  forma- 
tion, development  of  the  f^  response,  development  of  oxygen  evolu- 
tion and  carbon  dioxide  assimilation,  plastoquinone  formation,  the 
time  relations  involved  in  the  518  response  as  well  as  correla- 
tions of  the  above  lore  with  the  light-induced  completion  of  the 
chloroplast  structure  itself.   Preliminary  experiments  have  shown 
that  many  hours  of  greening  are  required  before  plastoquinone  is 
formed.   Because  of  the  close  association,  in  the  minds  of  various 
investigators,  between  plastosquinone  and  the  518  response,  it  is 
very  important  to  follow  the  development  of  this  response  during 
greening.   It  is  always  a  pleasure,  however,  to  find  that  the 
solution  of  a  specific  problem  points  immediately  to  other 
specific  and  more  challenging  problems. 

SUMMARY 

1.  Cytochromes  f_   and  b^  can  be  observed  directly,  by  means 
of  a  microspectroscope,  in  intact  leaves  of  dark  grown  mung  bean 
seedlings.   Spectra  of  these  same  cytochromes  can  be  obtained 
from  plastid  suspensions  prepared  from  such  etiolated  leaf  tissue, 

2.  Following  the  development  of  a  small  amount  of  chloro- 
phyll in  the  mung  bean  leaves,  and  while  cytochrome  b^  is  still 
visible  in  the  microspectroscope,  the  absorption  spectrum  of  cyto- 
chrome f_  can  be  plotted  from  the  light  activated  optical  responses 
as  observed  in  a  differential  spectrophotometer, 

3.  Following  more  prolonged  greening  the  a-band  of  cyto- 
chrome b5,  as  observed  visually,  remains  sharp  but  gradually 
disappears  without  noticeable  change  in  the  position  of  its 
maximum, 

4.  The  absorption  spectrum  of  cytochrome  f^  can  be  plotted 
from  the  light  activated  optical  responses,  as  observed  in  the 
differential  spectrophotometer,  in  a  variety  of  fully  greened 
leaves  and  in  green  algae, 

5.  No  light-induced  optical  responses  corresponding  to  cyto- 


90 


Walter  Bonner  and  Robert  Hill 


chrome  h(,   have  been  observed  in  either  green  leaves,  whole  chloro- 
plasts  derived  from  these  leaves,  or  in  algae.  Light  activated 
cytochrome  b^  reduction  is  found  in  ruptured  chloroplasts. 
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ACTION  OF  TWO-PIGMENT  SYSTEM  ON 
FLUORESCENCE  YIELD  OF  CHLOROPHYLL  A 

W.  L.  Butler  and  N.  I.  Bishop 


Light-induced  fluorescence  yield  changes  of  chlorophyll  a  in 
vivo  have  been  related  to  the  two-pigment  system  of  photosynthe- 
sisT  Govindjee,  et  al./^-'  reported  that  the  intensity  of  flu- 
orescence emitted  by  chlorella,  when  illuminated  with  67O-  and 
700-nm  light  simultaneously,  was  less  than  the  sum  of  the  inten- 
sities obtained  with  the  67O-  and  700-nm  beams  separately. 
Butler  (2)  showed  that  the  yield  of  chlorophyll  a  in  vivo  was  re- 
versibly  increased  by  irradiation  with  red  light  and  decreased  by 
irradiation  with  far  red.  The  action  spectrum  for  the  effect  of 
far-red  light  in  decreasing  the  fluorescence  yield  had  a  maximum 
at  705  nm  w )  which  was  similar  to  the  action  spectra  for  the 
effects  of  long-wavelength  light  in  enhancement  phenomena  of  the 
second  Emerson  effect.   Teale  ^^^  reported  that  with  green  algae 
and  chloroplasts  the  action  spectrum  for  the  effect  of  light  in 
increasing  the  fluorescence  yield  had  maxima  at  ij.70  and  6^0  nm 
and  a  shoulder  at  67O  nm,  a  typical  action  spectrum  for  the   ,. 
shorter  wavelength  pigment  system  in  green  plants.  Duysens^-''  ' 
also  showed  with  red,  blue-green  and  green  algae  that  the  fluor- 
escence yield  of  chlorophyll  a  was  increased  by  light  absorbfd 
by  the  shorter  wavelength  pigment  system  (which  he  called  system 
2)  and  decreased  by  the  longer  wavelength  pigment  system  (system 
1).  We  have  also  measured  the  action  spectrum  for  the  light- 
induced  fluorescence  yield  increase  in  green  leaves  and  algae  and 
will  report  the  results  in  the  present  paper. 

The  symbolism  and  theoretical  framework  introduced  by  Duysens 
v5jO)  ^11   be  adopted  in  this  paper.   It  will  be  assumed  that 
pigment  systems  1  and  2  both  contained  chlorophyll  a  and  the 
accessory  pigments  (chlorophyll  b  in  green  plants  and  phycobil- 
ins  in  red  and  blue-green  algae)  but  that  most  of  the  accessory 
pigment  is  associated  with  system  2.  Also,  according  to  Duysens, 
the  chlorophyll  a  in  system  1  is  weakly  or  nonf luorescent,  while 
the  chlorophyll  a  in  system  2  fluoresces  with  a  variable  yield 
that  depends  on  the  redox  state  of  a  quenching  substance  Q.  A 
similar  quenching  substance  was  proposed  by  Kautsky,  et  al.  ^ '•' 
on  the  basis  of  a  detailed  kinetic  analysis  of  fluorescence 
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transients  following  the  onset  of  illumination.  In  the  sympli- 
fied  electron  transport  chain  proposed  by  Duysens  and  Sweers^  ^> 

H20  ->  (system  2)  -^  Q  ->  cyt  -^  P  ->  (system  l)  -^  PN 
Q  will  quench  the  fluorescence  of  the  chlorophyll  a  in  system  2 
but  the  reduced  state,  QH,  will  not  quench.  Light  absorbed  by 
system  2  will  reduce  Q  to  QH,  thus  increasing  fluorescence  while 
light  absorbed  by  system  1  will  oxidize  QH  to  Q,  thereby  quench- 
ing the  fluorescence. 

P  is  a  small  amount  of  a  chlorophyll  absorbing  near  700  nm. 
Kok  (^^  showed  that  this  component,  which  he  called  P  700,  is 
oxidized  and  thereby  bleached  by  light  absorbed  by  system  ^/ai?d 
that  it  is  reformed  by  light  absorbed  by  system  2.  Butler  ^^ ^ 
studied  this  component  (denoted  G-705  in  his  work)  by  low-temper- 
ature absorption  and  fluorescence  excitation  spectroscopy  and 
showed  that  energy  absorbed  by  a  large  bulk  of  chlorophyll  a  is 
transferred  by  inductive  resonance  to  P.  Presumably,  P  is  the 
energy  trap  for  system  1.  Duysens  and  Sweers  ^  ^  have  also  pro- 
posed that  Q  is  the  energy  trap  for  system  2.  The  chlorophyll 
transfers  excitation  energy  to  Q  but  not  to  QH.  So  far,  there 
is  no  direct  spectroscopic  evidence  for  this  energy  trap.  In  the 
scheme  proposed  by  Duysens,  system  1  and  system  2  should  be  re- 
moved from  the  path  of  electron  flow.  They  drive  the  electron 
transport  chain  by  energy  transfer  to  P  and  Q. 

Butler  (3)  attempted  to  account  for  the  fluorescence  yield 
changes  of  chlorophyll  a  on  the  basis  of  energy  transfer  from 
chlorophyll  a  to  P  but  not  to  Pqx-  This  explanation,  however, 
did  not  account  for  the  action  of  far-red  light  in  decreasing 
the  fluorescence  yield.  Duysens'  scheme,  in  which  Q  is  the 
quencher  of  system-2  chlorophyll,  accounts  satisfactorily  for 
the  experimental  observations  on  fluorescence  yield  changes  and 
relates  these  to  changes  in  the  electron  flow  along  the  electron 
transport  chain.  The  fluorescence  yield  measurements  thus  be- 
come a  convenient  assay  to  determine  if  the  electron  flow  is 
functioning.  Such  measurements  will  be  reported  in  the  present 
paper  on  mutants  of  Scendesmus  which  have  specific  blocks  in  the 
photosynthetic  electron  transport  chain. 

METHODS  AND  MATERIALS 

The  instrument,  previously  (3)  used  to  measure  the  relative 
fluorescence  yield  immediately  following  a  brief  actinic  irradi- 
ation, was  modified  so  that  the  fluorescence  excited  at  low  in- 
tensity could  be  measured  during  the  actinic  irradiation.   The 
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modified,  instriinient  was  similar  in  principle  to  that  used  by 
Duvsens  ^^^ -     The  fluorescence  was  excited  by  a  weak  (^0  ergs/ 
cmVsec),  650- nm  monochromatic  beam  which  was  chopped  at  36O 
cycles/sec.  The  sample  could  be  simultaneously  illuminated  with 
a  high  intensity  (1000  to  2000  ergs/cmVsec),  monochromatic  acti- 
nic beam.  A  cut-off  filter,  placed  between  the  sample  and  photo- 
tube, blocked  the  low-intensity,  measuring  beam  and  the  high- 
intensity,  actinic  beam  but  transmitted  the  fluorescence  of  wave- 
lengths longer  than  710  nm.  It  was  previously  shown  with  a  green 
leaf  (3)  that  the  light-induced  fluorescence  changes,  even  when 
limited  to  wavelengths  longer  than  730  nm,  were  due  to  changes  in 
the  yield  of  chlorophyll  a  fluorescence.  The  photometer  incorpo- 
rated a  tuned  amplifier  which  was  tuned  to  the  chopping  frequency 
of  the  measTiring  beam  so  that  the  alternating  fluorescence  excit- 
ed by  the  chopped,  low-intensity  beam  was  measured  but  the  con- 
stant fluorescence  excited  by  the  steady,  high-intensity,  actinic 
beam  was  not.  The  actinic  beam  changed  the  fluorescence  yield 
which  resulted  in  a  change  in  the  intensity  of  fluorescence 
excited  by  the  chopped  beam.  The  intensity  of  fluorescence 
excited  by  the  actinic  beam  was  monitored  with  a  D.C.  voltmeter 
which  measured  the  drop  across  the  anode  resistor.  The  intensity 
of  the  actinic  light  was  adjusted  at  each  wavelength  such  that 
the  intensity  of  fluorescence  excited  by  this  beam  was  about  20- 
fold  greater  than  that  excited  by  the  measuring  beam. 

Absorption  spectra  were  measured  at  -196°C  with  a  single-beam 
recording  spectrophotometer  similar  to  one  described  previously 
do).  The  spectrophotometer  could  also  record  derivative  spectra 
by  differentiating  the  signal  from  the  photometer  electrically. 

Measurements  were  made  on  green  bean  leaves,  on  spinach  chlo- 
roplasts  and  on  suspensions  of  Scenedesmus.  The  Scenedesmus  were 
wild-type  cells  and  two  classes  of  mutants  which  have  been  des- 
cribed previously  by  Bishop  (^^^2).  One  class  of  mutants  ("GO2" 
mutants)  will  not  fix  CO2  in  the  light  but  will  evolve  O2  in  a 
quinone  Hill  reaction.  The  other  class  of  mutants  ("O2"  mutants) 
will  not  evolve  O2  but  will  photoreduce  CO2  in  a  hydrogen 
atmosphere. 

RESULTS  MP   DISCUSSION 

Action  spectra  for  the  effects  of  light  on  the  fluorescence 
yield  of  a  green  leaf  in  air  and  in  nitrogen  are  shown  in  Fig.  1. 
The  fluorescence  yield  of  the  leaf  is  somewhat  greater  in  nitro- 
gen presumably  because  Q  is  more  reduced.  The  horizontal  lines 
show  the  relative  intensity  of  fluorescence  in  the  absence  of 
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actinic  light.  In  the  presence  of  monochromatic  actinic  light, 
the  intensity  of  fluorescence  excited  by  the  weak,  chopped, 
650-nm  beam  is  given  by  the  curve  through  the  points.  The  in- 
tensity of  actinic  light  was  adjusted  at  each  wavelength  to  give 
the  same  level  of  fluorescence  as  measured  by  the  B.C.  voltmeter. 
This  procedure  was  adopted  to  make  sure  that  approximately  the 
same  energy  was  absorbed  at  each  wavelength.  The  intensity  of 
actinic  light  at  5^0  nm  was  $0   percent  greater  than  that  at  6^0 
nm  because  less  light  was  absorbed  at  5^0  nm.  This  method  does 
not  insure  that  precisely  equal  energy  will  be  absorbed  at  all 
actinic  wavelengths  because  the  fluorescence  yield  appears  to 
vary  approximately  20  percent  with  wavelength  across  the  visible 
spectrum.  Adjusting  to  a  constant  level  of  fluorescence  is  more 
valid,  however,  than  using  a  constant  intensity  of  actinic  light 
which  would  make  the  red  and  blue  maxima  in  Fig.  1  more  pro- 
nounced simply  because  those  wavelengths  were  absorbed  more 
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Fig.  1.  Relative  fluorescence  yield  of  green  bean  leaf  in 
the  presence  of  actinic  light  vs.  wavelength  of 
actinic  light.  Betails  of  measurement  in  text. 
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effectively.  The  action  spectra  of  Fig.  1  are  strickingly  simi- 
lar to  the  enhancement  spectrum  for  chlorella  shown  by  Myers  and 
Graham  CU). 

The  action  spectra  show  that  the  wavelengths  absorbed  prefer- 
entially by  system  2  are  the  most  effective  in  increasing  the 
fluorescence  yield.  Green  plants  do  not  show  a  clear-cut  re- 
sponse to  system-1  absorption  because  of  the  spectral  overlap  be- 
tween systems  1  and  2.  Beyond  680  nm,  however,  the  absorption 
spectrum  of  system  2  falls  markedly  and  the  direct  absorption  by 
P  becomes  more  important  so  that  Q  can  be  driven  largely  to  the 
oxidized  state  by  far-red  light.  It  was  previously  shown  that 
the  most  effective  wavelengths  for  decreasing  the  fluorescence 
yield  are  those  absorbed  directly  by  P  \^J.     Far-red  light  does 
not  depress  the  fluorescence  yield  of  the  leaf  in  air  much  below 
the  value  for  a  dark  leaf.  Thus,  Q  is  largely  oxidized  in  the 
dark  in  air. 

The  fluorescence  yield  which  obtains  when  the  Q  is  largely  re- 
duced can  be  observed  by  adding  DCMU.  This  herbicide  apparently 
blocks  the  electron  transport  chain  between  Q  and  cytochrome  so 
that  P  cannot  oxidize  QH  to).  The  addition  of  DCMU  causes  the_ 
fluorescence  yield  to  increase  approximately  3-fold.  This  maxi- 
mal fluorescence  yield  also  obtains  momentarily  during  the  tran- 
sient fluorescence  burst  which  occurs  when  a  darkened  leaf  is 
first  placed  in  bright  light.  The  effect  of  DCMU  on  spinach 
chloroplasts  is  shown  in  Fig.  2.  The  chloroplast  preparation 
without  DCMU  shows  a  typical  two-pigment  response.  Light  at 
650  nm  increases  the  fluorescence  yield  somewhat  more  than  600-nm 
light  and  much  more  than  690-nm  light.  After  the  addition  of 
DCMU  (10-^M)  the  fluorescence  yield  increased  slowly  under  the 
influence  of  the  weak,  meas-uring  light  and  abruptly  with  the 
650-nm  actinic  beam.  The  fluorescence  yield  drops  somewhat  when 
the  actinic  light  is  turned  off,  indicating  that  QH  can  be  oxi- 
dized to  some  extent  either  by  a  back  reaction  or  by  dark  metab- 
olism. The  light-induced  fluorescence  yield  in  the  DCMU-treated 
chloroplasts  is  independent  of  wavelength,  showing  that  system  1 
or  P  have  no  influence  on  Q.  The  small  drop  at  690  nm  is  an 
artifact  due  to  the  small  amount  of  the  690-nm  actinic  light 
which  leaks  through  the  710-nm  cut-off  filter.  In  the  case  of 
the  chloroplasts  without  DCMU,  the  marked  depression  of  the  fluo- 
rescence yield  at  690  nm  is  due  largely  to  the  oxidation  of  QH 
by  system  1  and  P. 

The  light-induced  fluorescence  yield  changes  have  been  used 
to  determine  if  both  pigment  systems  were  operating  in  mutants 
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of  Scenedesmus.  The  fluorescence  measurements  on  the  wild-type 
Scenedesmus  cells  in  Fig.  3  show  the  typical  two-pigment  con- 
trol: The  fluorescence  yield  is  greater  in  650-nm  light  than  in 
600-nm  light  and  is  markedly  depressed  by  690-nm  light. 

One  set  of  mutants,  called  "COg"  mutants,  fails  to  fix  CO2  in 
the  light  but  will  evolve  O2  in  a  Hill  reaction.  The  fluores- 
cence measurements  in  Fig.  3  show  that  the  fluorescence  yield  of 
the  "CO2"  mutant  is  about  3 -fold  greater  than  that  of  the 
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Fig.  2.  Relative  intensity  of  fluorescence  {\p  <  710  nm) 

from  spinach  chloroplasts  excited  by  low-intensity, 
chopped,  650-nm  beam  in  presence  and  absence  of 
constant,  monochromatic,  actinic  beam  of  wavelength 
indicated.  Effect  of  lO'^M  DCMU  shown. 
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wild-type  cells.  The  fluorescence  yield  is  increased  further  in 
the  presence  of  actinic  light,  but  all  wavelengths  are  equally 
effective.  The  same  results  were  obtained  by  adding  DCMU  to  the 
chloroplasts  in  Fig.  2  and  the  same  results  would  have  been  ob- 
tained by  adding  DCMU  to  the  wild-type  Scenedesmus  cells.  The 
fluorescence  measurements  indicate  that  system  2  reduces  Q  in 
the  light  but  that  the  electron  transport  chain  is  blocked  some- 
place between  P  and  Q  because  system  1  and  P  cannot  oxidize  QH. 
The  block  in  the  electron  transport  chain  prevents  the  reduction 
of  TPN  which  is  needed  for  CO2  fixation  but  does  not  prevent 
system-2  activated  transport  of  electrons  from  H2O  through  Q  to 
benzoquinone. 
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Fig.  3.  Relative  fluorescence  intensity  (same  measurement 
as  Fig.  2)  from  Scenedesmus  wild-type,  "CO2"  mu- 
tant No.  8  and  "O2"  mutant  No.  11  cells.  Sensi- 
tivity of  fluorescence  measurement  was  increased 
3-fold  for  wild-type  cells  so  that  the  fluores- 
cence yield  of  the  wild-type  cells  is  approximate- 
ly 1/3  that  of  the  mutant. 
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The  other  set  of  mutants,  called  "O2"  mutants,  fails  to  evolve 
O2  in  the  light  but  will  photoreduce  CO2  in  a  hydrogen  atmos- 
phere. These  mutants  show  a  high  fluorescence  yield  (Fig.  3) 
which  is  not  affected  by  actinic  light.  These  measurements  are 
consistent  with  the  photochemical  activities  of  the  "O2"  mutants 
which  indicate  that  system  1  is  operating,  since  CO2  can  be 
photoreduced  with  H2j  tiut  that  system  2  or  some  reaction  closely 
allied  with  O2  evolution  is  not  functioning. 

Low-temperature  absorption  and  derivative  spectra  of  the  wild- 
type  and  mutant  cells  are  shown  in  Fig.  U.  The  derivative 
spectra  were  used  primarily  to  distinguish  the  presence  of  P,  the 
small  amount  of  chlorophyll  absorbing  near  700  nm.  The 
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Fig.  U.  Absorption  and  derivative  spectra  of  Scenedesmus 
wild-type,  "O2"  mutant  No.  11  and  "CO2"  mutant 
No.  8  cells  at  -196°C. 


99 


¥.  L.  Butler  and  N.  I.  Bishop 


absorption  spectra  show  that  essentially  the  same  amounts  of 
chlorophyll  b,  chlorophyll  a-670  and  chlorophyll  a-680  are  pres- 
ent in  all  samples.  Thus,  the  mutants  carry  a  normal  compliment 
of  pigments  in  systems  1  and  2.  P  is  present  in  the  xd.ld-type 
cells  and  in  the  "O2"  mutant,  as  shovm  by  the  slight  shoulder  in 
the  absorption  spectra  on  the  long-wavelength  side  of  the  main 
chlorophyll-absorption  band  and  by  the  maximum  in  the  derivative 
spectra  near  700  nm.  The  spectra  for  the  "CO2"  mutant,  however, 
do  not  show  the  presence  of  P.  Thus,  in  these  mutants,  system-1 
pigments  cannot  affect  the  redox  state  of  Q  because  of  the  block 
in  the  electron  transport  chain  at  P.  System-2  pigments,  how- 
ever, can  cause  Q  to  be  more  reduced  in  the  light.  The  high 
fluorescence  yield  of  these  mutants  in  the  absence  of  actinic 
light  suggests  that  the  Q  is  largely  reduced  in  the  dark.  It 
would  be  of  interest  to  determine  if  the  cytochrome  in  these  mu- 
tants could  be  reduced  in  the  light  by  system  2  and  oxidized  in 
the  dark  as  is  Q. 

The  block  in  the  "O2"  mutants  has  not  been  localized.  The 
absence  of  a  light  affect  on  the  fluorescence  yield  shows  that 
Q  is  not  being  affected  by  light  even  though  the  absorption  spec- 
trum indicates  that  system-2  pigments  are  present.  The  high 
fluorescence  yield  suggests  either  that  Q  is  fully  reduced  in  the 
dark  or  that  it  is  not  present.  The  absence  of  Q  in  the  "O2" 
mutants  would  be  analogous  to  the  absence  of  P  in  the  "CO2" 
mutants . 

The  fluorescence  yield  changes  are  consistent  with  the  photo- 
synthetic  electron  transport  chain  and  with  the  photochemical 
activities  of  the  wild-type  and  mutant  cells.  These  measure- 
ments provide  a  rapid  and  convenient  method  to  study  metabolic 
inhibitors  and  mutations  which  affect  photosynthesis. 
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PRINCIPLES  OF  A  THEORY  OF  ENERGY  UTILIZATION  IN  PHOTOSYOTHESIS 
James  Franck  and  J.  L.  Rosenberg 


The  present  paper  is  an  abstract  insofar  as  it  leaves  out 
many  details  for  the  sake  of  brevity.   An  extended  discussion 
will  be  published  elsewhere.   A  short  introduction  which  will  be 
neither  historical  nor  comprehensive  in  literatiore  citations, 
will  be  presented  first. 

Our  theory  developed  slowly  from  early  attempts  to  find  a 
general  point  of  view  for  the  meagre  evidence  available  at  that 
time.   They  were  mostly  based  on  van  Niel's  principle  of  water 
splitting,  certain  kinetic  phenomena,  and  fluorescence  observa- 
tions .   Along  with  proposals  for  which  a  sound  experimental  basis 
existed  were  a  number  of  guesses  which,  londer  the  influence  of 
subsequent  experimentation,  became  obsolete.   One  of  the  deduc- 
tions which  we  regarded,  and  still  regard,  as  well  founded  is 
that  in  green  plants  the  excitation  energy  collected  by  the  bulk 
of  the  plant  pigments  is  transferred  always  to  one  center  of 
photochemical  activity,  namely  a  chlorophyll  a  molecule  in  a 
special  position  which  enables  it  to  use  the  energy  for  the 
photochemical  reactions  of  photosynthesis.  Although  this  state- 
ment referred  originally  only  to  photosynthetic  ixnits  in  green 
plants,  we  extended  it  later  to  those  in  all  plant  cells.   The 
energy- collecting  part  of  the  non-photochemically  active  regions 
of  the  unit  contains  the  "protected"  pigments,  so-called  because 
of  the  lack  of  contact  between  these  dye  molecules  with  water  and 
its  solutes.   Their  natxore  of  the  pigments  may  vary  in  different 
classes  of  plants  or  even  from  unit  to  unit  within  a  given  plant 
cell.   In  green  plants,  where  all  units  contain  chlorophyll  a 
chlorophyll  b,  and  p-carotene,  the  energy  transfer  to  the  lowest 
available  excitation  level  is  so  quick,  in  accordance  with  well- 
known  principles  applied  to  dense  and  partly  ordered  systems, 
that  the  energy  absorbed  by  all  dyes  reaches  the  exposed  site  as 
chlorophyll  a  excitation.   The  excitation  arriving  at  the  reac- 
tion center  is  usually  that  of  the  first  excited  singlet  state, 
with  the  consequence  that  fluorescence  visible  during  photo- 
synthesis at  non-excessive  light  intensities  is  predominantly 
the  red  fluorescence  of  chlorophyll  a. 
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Actually  chlorophyll  exists  in  the  xonits  in  two  different 
modifications^  as  the  occurrence  of  a  minor  red-shifted  set  of 
absorption  "bands  indicates.   One  of  these  modifications  is 
usually  present  to  a  small  extent  and  is  contained  in  only  a  few 
units,  so  that  it  can  exert  only  a  minor  influence  on  photo- 
synthesis .  (At  this  point  we  must  state  that  in  our  previous 
publications  we  ascribed  the  weak  spectrum  to  a  so-called  n-jt 
transition  which  woiild  be  present  in  all  units.   We  used  special 
assumptions  to  explain  why  the  energy  would  not  always  flow  to 
this  level.   Our  reasons  for  abandoning  this  interpretation  will 
be  presented  in  the  forthcoming  extended  discussion).  Under  these 
conditions  intensity  measurements  of  the  red  fluorescence  d\iring 
and  in  the  absence  of  photosynthesis  are  an  uneq-uivocal 
criterion  of  the  utilization  of  the  arriving  singlet  excitation 
energy  for  photochemistry.   If  only  singlet  energy  would  be  used 
with  optimal  quantum  yield  there  should  be  no  fluorescence  during 
photosynthesis.   If^  on  the  other  hand,  photochemistry  always 
occurred  by  the  action  of  metastable  states  formed  from  the 
excited  singlet  state  in  competition  with  fluorescence  emission, 
the  intensity  of  fluorescence  would  be  independent  of  photo- 
chemical utilization.   Observations  showed  that  under  the 
conditions  mentioned  above  the  ratio  of  the  intensity  of  fluo- 
rescence in  the  presence  or  absence  of  photochemical  utilization 
of  excitation  turned  out  to  be  very  nearly  one-half.  This  result 
was  the  same  for  three  different  methods  of  suppressing  and 
permitting  optimal  photosynthetic  activity.  The  obvious  conclu- 
sion is  that  singlet  and  metastable  excitation  energy  are  \ised 
equally  often  for  photosynthesis .  That  both  singlet  and  triplet 
states  are  used  for  photosynthesis  equally  often  is  an  indication 
that  two  photochemical  reactions,  one  at  the  cost  of  each  of 
these  two  states,  must  be  coupled  in  such  a  way  that  they  auto- 
matically occur  at  the  same  rate.  That  this  coupling  can  be 
explained  without  contradicting  any  of  the  new  important  obser- 
vations of  the  second  Emerson  effect  and  of  the  occurrence, 
spectroscopy,  and  photochemistry  of  the  chlorophyll  modification 
absorbing  at  7OO  mjj.,  together  with  earlier  and  more  recent 
studies  of  light  emission  of  chlorophyll  a  is  the  theme  of  this 
paper.   No  attempt  has  been  published  so  far  to  explain  the 
emission  and  absorption  phenomena  of  chlorophyll  a  together  with 
the  Emerson  effect  and  reversible  bleaching  on  the  basis  of  a 
two-center  model.  We  have  attempted  to  adapt  niomerous  published 
proposals  to  the  above  criteria  but  have  not  succeeded. 
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For  the  application  of  a  pictiire  in  which  singlet  and  meta- 
stable  state  energy  of  chlorophyll  a  are  used  for  the  two  photo- 
chemical steps  of  photosynthesis,  we  have  to  be  more  specific 
about  these  steps.   From  the  work  of  Hillv^)  and  Kamenv^j  it  is 
known  that  cytochrome  f  (designated  as  Cyt-^ed  ^^^  ^y^ox   ^°^  ^^^ 
ferro-  and  ferri-forms,  respectively)  plays  a  role  in  the  photo- 
chemistry.  If  the  light  reactions  consist  of  water-splitting, 
the  cytochrome  is  regarded  in  our  scheme  as  the  primary  OH 
acceptor  while  the  H  acceptor  designated  as  A,  is  the  primary 
photosynthetic  oxidant.   From  the  determination  of  the  standard 
electrode  potential  of  Cyt  in  the  chlorophyll -cytochrome  complex 
(Chl-Cyt)  by  Kok(5)^  we  know  that  the  Cytox  cannot  evolve  oxygen 
by  dark  reactions  alone.   Therefore  a  second  photochemical  step 
is  needed  on  the  Oh  side  by  which  CytQ^  is  reduced  and  another 
enzyme  Y  is  oxidized  to  a  state  capable  of  yielding  oxygen  in 
subsequent  dark  reactions.  Both  Cyt  and  Y  must  be  complexed  with 
the  exposed  chlorophyll.   The  scheme  is  summarized  in  the  fol- 
lowing set  of  essential  chemical  reactions,  where  (l)  and  (2)  are 
reactions  of  photo-excited  Chi  molecules,  the  first  in  the 
metastable  state  and  the  second  in  the  excited  singlet  state, 
(la)  and  (2a)  represent  sequences  of  enzymatic  dark  reactions. 

A  +  (Chi*  .-Cyt   J  ->  AH  +  (Chl-Cyt   )  (l ) 

^   met    red  ox 

2  AH  ->  AHg  +  A  (la) 

Y   ,  +  (Chl*  .   -Cyt   )  ->   (Chl-Cyt  ^)  +  Y  ^      (2) 
red  ^  ^^"-  sing  "^  ox^     ^     "^   red'    ox 

Y    ^  Y   .  +  ^  0  (2a) 

ox      red   4  2 

GENERAL  CONSEQUENCES  OF  THE  SCHEME 


The  phenomena  described  in  this  section  will  be  first  applied 
to  green  plants,  with  omission  of  the  long  wavelength  absorption 
(above  680  m\i) .  The  consequences  of  the  far-red  absorption  will 
be  considered  later. 

Since  the  exposed  chlorophyll  comes  in  contact  with  many  kinds 
of  diffusible  substances,  a  possible  competition  may  exist  for  the 
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use  of  metastable  excitation  of  Chi  between  A  and  other  oxidants, 
some  as  harmful  as  moleciolar  oxygen.  Although  in  vitro  experi- 
ments show  that  photo-oxidation  of  chlorophyll  is  much  less 
likely  thaa  simple  oxygen  quenching  of  excitation,  the  former 
process  does  occur  with  a  small  yield.   In  any  event,  mere 
impacts  of  oxygen  with  CM.*  may  divert  the  use  of  excitation 
from  photosynthesis .   Since  it  is  known  that  oxygen  has  a  negli- 
gible influence  on  photosynthetic  rates  in  regions  of  low 
irradiation  intensity,  we  condLude  that  A  must  be  present  in  at 
least  a  high  enough  concentration  (lO~^  molar  or  more)  to  win 
out  over  Oo  for  the  excitation.  Among  substances  which  do  not 
meet  this  criterion  for  A  are  most  of  the  materials  present  in 
catalytic  amoiints,  including  TPN.   Phosphoglyceric  acid,  PGA, 
does  meet  the  requirement  and  has  been  tentatively  identified  by 
us  with  substance  A.   In  support  of  this  view  is  the  fact  that 
other  respiratory  intermediates,  normally  present  in  smaller 
concentrations  than  PGA,  become  the  substitute  oxidants  for 
Reaction  (l )  during  periods  of  unavailability  of  PGA,  such  as 
cyanide  inhibition,  induction  periods,  and  periods  of  greening 
of  etiolated  leaves' ^^5 J. 

At  intensities  approaching  saturation  the  photosynthetic 
oxidant  becomes  limiting,  and  oxygen  becomes  a  more  effective 
competitor.   This  is  the  explanation  for  the  strong  depressing 
influence  of  oxygen  on  the  saturation  rate  of  photosynthesis. 
Although  photo-oxidation  of  the  exposed  chlorophyll  still 
proceeds  with  only  a  small  quantum  yield  under  these  conditions, 
in  the  absence  of  a  recovery  process  there  would  be  a  progres- 
sive accumulation  of  units  whose  exposed  chlorophylls,  oxida- 
tively  bleached,  are  unable  to  allow  excitation  to  move  to  the 
reaction  centers.   Another  competing  process  occurring  with  a 
probability  rising  with  irradiation  intensities  is  the  collection 
by  Chl-^jj^g^  of  a  second  quantiom  of  excitation  before  Reaction  (l ) 
has  been  sensitized.   This  double  excitation,  leading  to  photo- 
ionization  and  the  associated  afterglow,  will  not  be  discussed 
further  in  this  paper,  except  for  the  remark  that  the  connected 
bleaching  would  res\ilt  in  a  disruption  of  the  flow  and  utiliza- 
tion of  excitation  energy  collected  by  the  protected  chlorophylls. 

The  disruption  of  energy  flow  may  be  avoided  by  a  built-in 

recovery  process,  (5),  analogous  to  the  reaction  described  by 

Kok(3)  and  by  Wittv°)  for  the  special  case  of  the  7OO  m|j. 

absorbing  form  of  chlorophyll.  This  recovery  of  normal  exposed 

Chi  would  be  rapid  if  the  Cyt  in  its  reaction  center  complex  is 

Chi  +  Cyt  ^  ^  Chi  +  Cyt  (3) 

red  ox  ^ -^ ' 
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in  the  reduced  form.  The  rate  woilLd  then  he  so  great  that  the 
reversible  bleaching  becomes  non- observable  in  difference 
spectra  experiments.   Since  photo-oxidation  might  attack  any 
exposed  Chi  at  random,  efficient  statistical  recovery  requires 
that  practically  all  the  Cyt  molecules  at  the  reaction  centers 
be  in  the  reduced  form  during  steady- state  illumination. 

We  nov  face  the  problem:   how  can  most  of  the  Cyt  be  in  the 
reduced  form?   Simple  kinetic  analysis  of  our  scheme  shows  that 
if  each  photosynthetic  unit  were  functionally  independent,  half 
of  all  the  Cyt  should  be  in  the  reduced  form  and  half  oxidized 
during  steady  light-limiting  illumination.   In  fact  in  the  intro- 
duction we  implied  an  independence  of  the  imits.   We  now  qualify 
this  statement  by  introducing  an  interaction  at  the  level  of  the 
exposed  chlorophylls .  We  postiolate  an  energy  migration  of  sing- 
let excitation  among  the  exposed  chlorophylls  in  a  larger  super- 
unit  of  the  chloroplast.   This  proposal  does  not  invalidate  our 
conclusion  that  the  far-red  absorbing  modification  in  green 
plants  does  not  act  as  a  trap  for  normal  chlorophyll  a  singlet 
excitation,  as  will  be  dlsc\issed  in  the  section  on  the  Emerson 
effect.  With  this  limited  type  of  super-organization  we  gain 
the  advantage  that  the  steady- state  fraction  of  Cyt  in  the 
oxidized  condition  is  lowered  to  l/2  n,  where  n  is  the  n\imber  of 
participating  lonits  in  the  exchange.  We  visualize  n  to  be  of 
the  order  of  magnitude  of  100  or  more.   On  this  basis  we  can 
•understand  why  good  photosynthesis  does  not  change  the  level  of 
oxidized  cytochrome,  as  shown  by  difference  spectra. 

That  our  scheme  provides  an  automatic  adjustment  of  equal 
opportunity  for  photochemical  use  of  singlet  and  metastable 
excitations  is  obvious. 

Next  we  must  mention  several  consequences  of  our  scheme  for 
the  fluorescence  yield  of  exposed  chlorophylls . 

a)  Butler  has  shown  that  freshly  formed  chlorophyll  in  a 
greening  leaf  has  a  fluorescence  yield  practically  as  high  as 
that  of  chlorophyll  in  organic  solvents.  W/  Absolute  measure- 
ments show  that  the  fluorescence  yield  in  vitro  is  about  25^ 
while  that  of  fully  developed  chloroplasts,  in  which  only  the 
exposed  chlorophyll  a  is  responsible  for  fluorescence,  is  G°Jo   in 
the  absence  of  photosynthesis.   This  difference  may  be  ascribed 
to  the  influence  of  the  heavy  atom,  the  iron  of  the  coraplexed 
Cyt,  on  the  transition  to  the  metastable  state. 
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b)  The  fluorescence  of  the  protected  chlorophyll,  if  the 
absorbed  energy  is  forced  to  remain  inside  the  unit,    should  thus 
also  be  higher  than  of  the  exposed  chlorophyll.   If;,  for  instance 
by  photo-oxidation  of  the  exposed  chlorophylls  during  strong 
illumination  or  by  other  methods,  the  energy  is  prevented  from 
migrating  outvard  in  the  unit,  fluorescence  would  be  observed 
from  the  protected  pigment  molecules  with  up  to  a  four-fold 
increase  in  yield.   Indeed  such  observations  have  been  made  with 
a  variety  of  external  treatments (°^ 9 )  some  of  them  destructive 
for  the  chloroplastsv^'-'). 

c)  Our  scheme  forces  us  to  the  conclusion  that  half  of  the 
excited  exposed  chlorophyll  molecules  emit  their  filLl  share  of 
fluorescence,  independent  of  the  level  or  even  absence  of  photo- 
synthesis, while  the  other  half,  involved  in  Step  (2),  use 
singlet  excitation  immediately  dioring  good  photosynthesis  without 
any  fluorescence.  The  consequence,  that  the  lifetime  of  excita- 
tion of  those  emitting  the  fluorescence,  is  independent  of  photo- 
synthesis, has  been  proved  by  several  types  of  observation  '       '. 


EMERSON  EFFECT  AUD  REVERSIBLE  BLEACHING  AT  TOO  my. 
Green  Plants 

We  first  discuss  our  interpretation  of  the  far-red  absorp- 
tions.  After  being  forced  by  a  number  of  new  observations  (to 
be  described  in  the  forthcoming  extensive  discussion)  to  abandon 
oirr  previous  idea  that  nit  transitions  were  responsible  for  the 
long  wavelength  absorption.   We  based  oiur  picture  on  a  proposal 
originally  made  by  Brody  that  chlorophyll  exists  within  the 
photosynthetic  apparatus  partly  in  monomeric  form  and  partly  in 
aggregates(l2) ,   This  idea  received  strong  support  from  the 
discovery  by  Olson  et  al.  that  the  absorption  at  700  to.\s.   and  the 
fluorescence  above  TOO  mjj.  are  highly  polarized  in  the  planes  of 
the  lamellae,  while  the  major  components  observed  in  both 
absorption  and  luminescence  are  not  polarized, ^'l^^l^j  Specif- 
ically, we  visualize  most  of  the  pigment  molecules  as  being  in  a 
partly  disordered,  amorphous  state  within  their  \inits,  while  in 
some  small  fraction  of  the  units  there  are  regions  of  two- 
dimensional  crystallinity  bordering  on  the  reaction  center.   As 
are  all  absorption  peaks  of  the  crystalline  patches  the  red 
absorption  is  shifted  slightly  toward  the  inra-red  and  is  split 
into  two  components .  This  is  indeed  the  type  of  behavior 
observed  by  chlorophyll  microcrystallites  in  vitro  by 
Rabinowitch  et  al.^  5/  Fig,  1  shows  the  red  shift  and  splitting 
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Fig.  1.  Absorption  spectriom  of  chlorophyll  a  in 
ether  10-5  M^  cijrve  2;  of  colloidal  chlorophyll 
siispension  in  JOfo  aqueous  methanol,  crosses  of 
curve  1.   Curves  from  reference  (l5)- 


of  the  long  wave-length  peak  in  their  "colloidal"  samples  in 
comparison  with  monomeric  material.   Of  the  three  chlorophyll  a 
components  fo\and  by  French  and  Brown(l6)^  ve  ascribe  the  main 
peak  at  about  67O  to  the  amorphous  chlorophyll,  and  the  two 
minor  peaks  at  about  68O  and  7OO  m\x   to  the  two  differently  polar- 
ized Davydov  components  of  the  crystalline  chlorophyll.  We  note 
that  the  relative  proportions  of  crystalline  to  non- crystalline 
chlorophyll  may  vary  with  ciiltixring  conditions  and  need  have  no 
particular  stoichiometric  value.   Also,  the  extent  of  the  absorp- 
tion shift  depends  on  the  size  of  the  microcrystallites'lT j  and 
a  distribution  of  crystal  size  woiiLd  be  expected  to  cause  broad- 
ening of  the  bands. 

If  OTor  scheme  makes  possible  a  self-consistent  explanation  of 
the  Emerson  effect,  it  must  provide  the  answer  to  five  questions. 

a)  Why  does  the  photosynthetic  quantum  yield  fall  in  the  far- 
red  with  increasing  wave-length  of  absorption  in  the  crystalline 
regions? 
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"b)  Why  does  the  stronger  Davydov  absorption  at  680  ni|i  give  a 
good  quantum  yield  while  at  the  TOO  m^i  component  the  quantum 
yield  is  reduced  to  one-fourth  or  less? 

c )  Why  can  simultaneous  or  almost  simultaneous  absorption  by 
the  amorphous  chlorophyll  enhance  the  effectiveness  of  absorp- 
tion by  the  crystals? 

d)  What  is  the  role  of  the  reversible  photo-  or  oxidative 
bleaching  and  why  is  this  bleaching  observed  mainly  in  the 
700  m^l  absorption? 

e)  In  view  of  the  energy  migration  through  the  super-unit 
which  we  introduced  in  the  previous  section,  what  prevents  the 
degradation  of  excitation  in  the  amorphous  layers  to  the  lowest 
excitation  level  of  the  crystalline  layers,  7OO  m\x,   by  migration 
throiigh  the  exposed  chlorophylls? 

To  answer  the  first  three  questions  we  use  the  idea  previously 
advanced  by  us  that  excitation  provided  by  7OO  mn  absorption  is 
not  sufficient  to  excite  the  singlet  level  of  the  exposed 
cMLorophyll,  which  is  an  amorphous  type  molecule  having  its 
absorption  at  about  675  m[x   whether  it  is  attached  to  an  all- 
amorphous  -unit  or  to  a  unit  containing  a  crystalline  patch.   As 
a  result  excitation  moving  quickly  in  the  crystal  to  the  contact 
point  with  the  exposed  chlorophyll  will  suffer  there  a  trans- 
ition into  a  metastable  state.   A  re-interpretation  of  Becker's 
observations (18)  shows  that  the  order  of  the  metastable  levels 
of  crystalline  and  amorphous  chlorophyll  is  the  reverse  of  that 
of  the  singlet  levels,  and  that  a  transfer  of  metastable  energy 
to  the  amorphous  exposed  molecule  will  occur.  The  higher  energy 
Davydov  crystal  component,  68O  m|j.  is  energetically  so  close  to 
the  singlet  level  of  the  exposed  chlorophyll  that  by  thermal 
fluctuation  the  68O  excitation  may  easily  excite  the  singlet 
level  of  the  exposed  chlorophyll.   In  competition  with  this 
process,  degradation  of  the  68O  to  7OO  or  even  further  to  the 
metastable  level  is  an  inherently  slower  event. 

If  a  reason  can  be  found  why  the  metastable  state  of  an 
exposed  chlorophyll  is  inefficient  in  sensitizing  Reaction  (2), 
we  could  understand  the  long  wave-length  decline  and  the 
enhancement.  We  considered  several  possible  mechanisms,  as 
follows : 

a)  Back-reaction  between  AH  and  CytQx 
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As  opposed  to  singlet  excitation,  metastatle  excitation 
cannot  participate  in  the  migration  at  the  super--unit  level.  As 
a  result,  each  Cyto^  formed  during  a  period  of  irradiation  with 
700  m[x   only  must  wait  a  much  longer  period  to  receive  a  quantim 
of  excitation  for  sensitizing  Step  (2).  The  Cyto^  "^H  "thus 
have  a  greater  chance  to  he  destroyed  by  a  competing  dark 
reaction,  such  as  one  with  AH.   Our  objection  to  this  possi- 
bility is  that  it  has  no  connection  with  the  bleaching  of 
crystalline  chlorophyll,  which  plays  such  a  great  role  in 
observed  difference  spectra. 

b)  Photo- oxidation  of  exposed  chlorophyll. 

Althovigh  photo-oxidation  may  occur  with  small  probability 
with  any  type  of  irradiation,  there  are  two  important  differ- 
ences when  the  oxidized  chlorophyll  is  at  the  reaction  center  of 
a  crystal -containing  unit.  The  first  is  that  the  res\alting 
Chl+  captures  an  electron  from  a  neighboring  crystalline  chloro- 
phyll because  the  ionization  potential  for  the  latter  is  lower. 
This  in  itself  would  slow  the  recovery  reaction  (5).   The  second 
difference  is  that  half  of  the  Cyt  is  oxidized  at  the  steady 
state  and  is  unavailable  for  the  recovery  reaction  (3).   This 
follows  from  the  non-migration  of  metastable  energy  among 
exposed  molecules  and  is  in  agreement  with  the  observed  increase 
in  oxidized  cytochrome  dirring  long  wave-length  irradiation. 
A  progressive  accumiAlation  of  units  containing  Chl+  within  the 
layers  woiild  lead  to  low  efficiency  if  the  trapped  hole  impedes 
the  flow  of  excitation  energy  outward.   Our  objection  to  this 
possibility  is  that  it  is  in  contradiction  to  the  finding  by 
Gorindjee  and  Rabinowitch  of  the  long  wave-length  decline  and 
enhancement  for  the  Hill  reaction  in  the  absence  of  oxygen^l9J. 

c)  Alternative  electron  transfer  in  competition  with  Step  (2), 
We  propose  that  triplet  excitation  can  be  used  to  sensitize 
Reaction  (h),    which  is  a  reversal  of  the  recovery  reaction  (3), 

Cyt   +  Chi*  ,^  Cyt  +  Chl"^  {h) 

"^   ox      met 

while  singlet  excitation  cannot  be  so  used.   In  the  first 
instance,  such  an  event  would  resiolt  in  the  deto\xr  of  two 
quanta  from  photosynthetic  purposes.   Secondarily,  it  would 
produce  much  greater  losses  because  the  resultant  bleached  Chl 
would  transfer  its  oxidation  to  crystalline  chlorophyll.  As  in 
(b )  above,  the  trapped  Chl+  within  the  layer  would  impede  the 
outward  flow  of  excitation  until  it  has  imdergone  recovery  by  a 
dark  recapture  of  an  electron  from  the  Cytred.  The  basic  idea 
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imderlying  this  possibility  is  not  so  much  an  ad  hoc  hypothesis 
as  it  might  seem.   It  is  not  unplausible  to  assTune  that  in  an 
excited  Chl-Cyt  complex  more  charge  vould  tend  to  be  transferred 
from  the  Chi  to  the  Cyt  for  triplet  excitation  than  for  singlet 
under  the  influence  of  the  mutual  repulsion  of  two  electrons 
with  parallel  spins.   This  explanation  provides  an  interpretation 
of  the  Emerson  effect,  the  enhancement  by  short-wave  irradiation^ 
and  the  7OO  bleaching. 

Finally,  we  have  to  discuss  the  possible  role  of  the  7OO  m\x 
levels  as  a  sink  for  shorter  wave-length  excitation.   In  our 
model,  singlet  excitation  of  amorphous  chlorophyll  molecules 
within  a  crystal -containing  unit  may  be  degraded  to  the  7OO  level 
during  its  passage  through  the  crystal  on  the  way  to  the  reaction 
center.  The  converse  is  not  true,  however.   Singlet  excitation 
of  exposed  chlorophylls  migrating  through  the  super-unit  might 
sensitize  a  crystalline  moleciile  bordering  on  some  reaction 
center,  but  would  do  so  by  preferentially  sensitizing  the 
stronger  68O  level  rather  than  the  7OO,  with  which  the  resonance 
overlap  is  poorer.  As  discussed  previously,  68O  excitation  near 
the  reaction  center  can  be  used  with  high  probability  for 
recreating  singlet  excitation  at  the  exposed  site.   Thus,  an 
overall  degradation  of  singlet  to  triplet  excitation  at  the 
super-unit  level  can  occur  with  only  a  small  probability. 

Red  and  Blue -Green  Algae 

These  algae  can  be  incorporated  into  our  general  scheme  if  we 
postulate  the  following  pict-ure  of  the  photosynthetic  apparatus. 
Most  of  the  chlorophyll  is  contained  in  crystal-containing  units, 
so  that  even  67O  m^  absorption  has  the  effect  of  sending  mostly 
triplet  excitation  to  the  reaction  centers .   The  phycobilins  are 
contained  in  units  devoid  of  chlorophyll,  but  these  units  still 
have  chlorophyll  a  as  the  exposed  pigment  at  the  reaction  center. 
These  phycobilinous   units  can  provide  interaction  with  the 
chlorophyllous   units  by  way  of  super-unit  energy  migration  in 
such  a  manner  as  to  divide  the  photochemical  chores  in  part 
between  the  two  kinds  of  unit.  Absorption  in  the  chlorophyll 
units  will  be  used  predominantly  for  Step  (l )  while  absorption 
in  the  phycobilin  units  will  be  used  more  than  half  the  time  in 
sensitizing  Step  (2). 
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THE  MECHANISM   OF    PIIOTC SYNTHESIS 
Eugene   Rabinowitch 

I. 


Photosynthesis  is  a  tripartite  process,  as  indicated 
schematically  in  figure  1 — one  reaction  set  dealing  with  the 
conversion  of  CO^  to  organic  matter,  one  with  the  liberation 
of  oxygen  from  water,  and  one  with  the  conversion  of  light 
into  chemical  energy. 


CO2 


X  (-0.4V) 

T 


{CH20) 


Chl 


HcO 


-0; 


ZH(+0.8V) 

Fig.  1 

The  first  two  sets  are  "dark,"  enzymatic  processes,  occur- 
ring at  an  approximately  constant  level  of  energy,  the 
third  an  energy-accumulating  photochemical  process.   This 
latter  must  be  an  oxidation-rcduction--either  hydrogen  atom 
transfer,  or  electron  transfer,  or  a  combination  of  both. 
This  transfer  goes  from  a  donor,  ZH  (an  intermediate  in  the 
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lower  en/ymatic  reaction  chain),  with  a  high  oxidation  po- 
tential (approximately  +0.8  V) ,  to  an  acceptor  (an  inter- 
mediate in  the  upper  enzymatic  reaction  chain)  with  a  high 
reduction  potential  (approximately  -0.4  V).   It  thus  leads 
to  the  storage  of  about  1.2  eV  of  chemical  energy  per  elec- 
tron (or  hydrogen  atom)  transferred.   Since  the  reduction  of 
carbon  dioxide  to  the  carbohydrate  level  requires  the  trans- 
fer of  four  hydrogen  atoms,  the  total  storage  in  the  reduc- 
tion of  one  carbon  dioxide  molecule  is  4.8  eV,  or  about  110 
kcal.  per  mole.   Energy  storage  in  a  form  other  than  oxida- 
tion-reduction energy  can  play  only  an  auxiliary  role  in 
photosynthesis;  this  applies,  in  particular,  to  the  forma- 
tion of  high  energy  phosphate  (ATP). 


2. 


Experiments  by  Emerson  (and  others)  have  established  that 
in  normal  photosynthesis,  about  8  light  quanta  are  needed  to 
transfer  4  hydrogen  atoms  (or  electrons)  "from  ZTT  to  X"  (in 
figure  l).   As  suggested  already  in  1947,  this  could  be 
achieved  in  two  ways:   either  by  eight  parallel  one-electron 
transfers,  followed  by  four  dismutations ;  or  by  two  consec- 
utive sets  of  four  transfers  each.   Various  recent  studies 
support  the  second  alternative.   They  suggest  that  the  first 
transfer  leads  from  ZTI  to  an  intermediate  acceptor  roughly 
halfway  between  XR  and  Z--in  other  words,  with  an  oxidation 
potential  of  the  order  of  +0.2  Vr-and  the  second   from  this 
to  the  ultimate  acceptor,  X. 

The  finding  of  cytochromes  in  chl oroplasts ,  due  to  T?obin 
Hill  and  coworkers,  led  to  speculations  on  the  role  of  these 
catalytic  proteins  in  photosynthesis.   At  first,  they  have 
been  assigned--by  Arnon,  among  others--to  positions  on  one 
or  the  other  end  of  the  photochemical  sequence.   This  re- 
quired, however,  ascribing  to  them  an  extreme  (positive  or 
negative)  potential,  not  characteristic  of  known  cyto- 
chromes.  Much  more  plausible  is  Hill's  and  Bendel's  recent 
suggestion  that  the  chloroplast  cytochromes  serve  as  inter- 
mediates between  the  two  photochemical  reactions.    Of  the 
two  cytochromes  found  by  Hill  in  chl oroplasts ,  one  belongs 
to  the  group  of  cytochromes  bi,  ("cytochrome  bf,")>  and  has 
a  n.ormal  potential  of  approximately  0.0  V,  while  the  other, 
designated  as  "cytochrome  i_"    (of  cytochrome  c_   type),  has  a 
potential  of  +0.37  V.   It  has  been  suggested  that  they 
serve  in  series,  as  indicated  in  figure  2. 


114 


Eugene   Rabinowitch 


-0.4 
V 

-0.1 


+  0.2 


+  0.5 


+08 


X/XH 


(O.OV)Cyt  bg 


hi/1 


hi/2 


Z/HZ 


Cyt  f  (+Q37V) 
System  2 


Fig.  2 


Interestingly  enough,  two  other  oxidation-reduction 
systems  have  been  identified  recently  in  chloroplasts,  one 
( plastoquinone)  having  a  potential  close  to  that  of  cyto- 
chrome h^f    the  other  ( plastocyanine )  one  close  to  that  of 
cytochrome  f.   Perhaps,  they  function  as  regulating  systems, 
keeping  the  Fe3+/Fe''+  ratio  in  the  cytochrome  systems  stable. 
Another  possible  function  of  these  quinones  could  be  to  pro- 
vide transition  from  the  "mono-valent"  cytochromes  to  the 
"di-valent"  redox  systems  at  the  beginning  and  end  of  the 
reaction  sequence. 

The  first  oxidation-reduction  step,  which  transfers  the 
hydrogen  atom  (or  electron)  from  an  oxidant,  ZIT,  with  a 
potential  of  about  +0,8  V,  to  cytochrome  _bg  with  a  potential 
close  to  zero,  stores  about  0,8  eV  (or  18,5  kcal,  per  mole) 
of  the  energy  of  the  quantum,   (The  latter,  in  the  case  of 
chlorophyll  a,  contains  between  35  and  43  kcal,  per  mole). 
The  photochemically  reduced  cytochrome  t^  then  reduces,  in  a 
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nonphotochemical  reaction,  the  cytochrome  f^,  with  a  potential 
of  +0.37  V,  thus  liberating  about  8  kcal.  of  stored  energy. 
This  energy  does  not  need  to  be  lost;  it  seems  plausible 
that,  similarly  to  the  electron  transfer  between  cytochromes 
in  the  respiration  chain,  a  part  of  it  (about  7  kcal.  per 
electron  pair)  can  be  salvaged  in  a  molecule  of  high-energy 
phosphate,  ATP. 

The  second  photochemical  reaction  transfers  the  electron 
from  cytochrome  f_   to  the  acceptor,  X,  again  storing  about 
0.75  eV  of  potential  energy. 


3. 


Schemes  similar  to  figure  2 — presented  vertically,  hor- 
izontally, in  zig-zags,  on  circles  or  curlicues — have  been 
proposed  by  several  authors  in  recent  years.   They  have 
arrived  at  these  schemes  in  different  ways;  the  following 
appears  to  me  as  the  logical  sequence  of  findings  leading 
to  it : 

a.  Realization  that  in  photosynthesis,  four  Il-atoms 

(or  electrons)  have  to  be  transferred  "uphill",  over 
a  gap  of  1.2  V. 

b.  Finding  that  0  quanta  are  used  in  this  transfer 
(Emerson) . 

c.  Finding  of  two  cytochromes  in  chloroplasts,  with 
potentials  suggesting  their  function  as  "halfway 
stations"  in  the  transfer  of  electrons. ( nil 1 ) . 

d.  Observations  of  the  oxidation  of  cytochrome  in  chlor- 
oplasts by  light  absorbed  in  one  "pigment  system," 
and  reduction  by  light  absorbed  in  another  "system" 

( Duysens) . 

e.  Observation  of  an  enhancement  of  the  photosynthet ic 
action  of  light  absorbed  in  "system  1,"  by  light 
absorbed  in  "system  2"  (Hmerson). 

The  last-named  line  of  evidence  appears  to  me  particular- 
ly convincing.  This  matter  will  be  presented  in  more  detail 
in  Govindjee's  paper  later  in  this  symposium. 

It  is       difficult  to  show  that  excitation  of  system  2 
is  by  itself  insufficient  to  bring  about  complete 
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photosynthesis,  since  photosynthesis  is  known  to  proceed,  at 
high  rate,  in  red  algae,  in  540  in^i-light,  absorbed  mostly 
by  phycoerythrin.   Two  possible  explanations  may  be  given. 
In  the  first  place,  light  absorption  in  system  2  could  lead 
to  resonance  transfer  of  energy  to  system  1,  thus  achieving 
the  required  co-excitation  of  the  two  systems  ("spilling 
over").   Secondly,  the  presence  of  some  phycoerythrin  in 
system  1  (suggested  by  Duysens)  and  the  contribution  of 
chlorophyll  a  to  the  absorption  at  540  m;i,  may  be  sufficient 
to  achieve  co-excitation  of  the  two  systems  even  without 
energy  transfer.   If  the  latter  is  true,  the  suggestion, pre- 
sented further  below,  that  the  two  systems  may  be  contained 
in  separate  layers,  would  become  more  plausible. 

Experiments  by  S.  Brody,  and  by  W^.  Butler  and  coworkers 
suggest  that  the  fluorescence  band  of  chlorophyll  a  i^  vivo, 
lies,  at  ordinary  temperatures,  at  680  m)i  and  belongs  to 
chlorophyll  a  670.   It  is  thus  associated  with  pigment 
system  2.   (At  the  liquid  air  temperature,  however,  fluor- 
escence bands  appear  also  beyond  700  nui — and  must  be  attri- 
buted to  chlorophyll  a  in  system  l).   The  primary  distinc- 
tion between  the  two  systems  probably  consists  in  their 
different  location  in  the  chloroplasts,  implying  association 
with  different  cellular  components.   Since  chlorophyll  mole- 
cules are  known  to  fluoresce  (in  solution)  only  when  assoc- 
iated with  polar  molecules,  and  to  be  non-fluorescent  in 
dry  hydrocarbons,  one  can  suggest  that  pigment  system  1  is 
associated  with  hydrophobic  organic  molecules,  and  system  2 
with  hydrophilic  proteins. 

It  is  known  that  chloroplasts  consist  of  alternating 
lamellae  of  more  hydrophilic  and  more  hydrophobic  nature. 
It  is  tempting  to  associate  the  fluorescent  pigment  system  2 
with  the  hydrophilic,  and  the  non-fluorescent  pigment  system 
1   with  the  hydrophobic  layers  in  the  chloroplasts.   One 
could,  for  example,  postulate  a  bimolecular  sheet  of  pig- 
ments, with  one  leaf  turned  tov/ards  the  hydrophilic,  aqueous 
layer,  and  the  other  towards  the  hydrophobic,  lipoid  layer; 
the  two  leafs  could  be  separated  by  an  enzymatic  layer, 
containing  e. ^. ,  the  two  cytochromes. 

Another  alternative  is  to  postulate  a  more  uniform  dis- 
tribution of  pigments  in  the  two  layers.   The  first  altern- 
ative is  supported,  however,  by  Goedheer's  optical  findings, 
which  suggest  that  chlorophyll  in  the  chloroplasts  forms 
separate  lamellae  less  than  10  A  thick,   (The  proteidic  and 
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the  lipoid  laj'^ers  having  a  thickness  of  the  order  of  30-50 
A). 

Another  problem  is  the  relationship  between  the  layered 
structure,  as  observed  on  chloroplast  sect  ions ,  and  the 
"cobblestone"  appearance  of  separate  lamellae  when  vicv/ed 
from  above.   In  the  interpretation  of  the  structure  of  mit- 
ochondria, the  layered  structure  has  been  emphasized  at 
some  times,  and  the  presence  of,  more  or  less  spherical,  en- 
zymatic units,  at  other  times.   Perhaps,  the  lamellae  in 
chloroplasts ,  similarly  to  those  in  mitochondria,  also  bear 
--or  even  themselves  consist  of — spherical  units,  perhaps 
identical  with  the  "photosynthet ic  units,"  whose  existence 
was  first  deduced  from  the  experiments  by  Emerson  and  Arnold 
on  photosynthesis  in  flashing  light,  and  since  supported  by 
many  other  observations.   Thomas  observed  that  for  chloro- 
plast particles  to  be  effective  in  the  Kill  reaction,  they 
have  to  contain  at  least  two  layers--an  observation  that 
fits  into  the  above-derived  picture. 


Pigment 
System  2 


Pigment 
System  1 


Fig.  3 
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Figure  3  represents  a  two-layer  photochemical  system. 
V/ithin  each  layer,  resonance  transfer  must  take  place  both 
between  identical  pigment  molecules,  (leading  to  energy 
migration  through  the  layer,  at  least  within  the  confines 
of  a  single  photosynthet ic  unit),  and  between  pigments  ab- 
sorbing at  the  shorter  wavelengths  and  those  absorbing  at 
the  longer  wavelengths.   The  energy  quanta  absorbed  in  each 
unit  may  be  thus  conveyed  to  a  single  enzymatic  site.   The 
chlorophyll  molecules  immediately  associated  with  this  site 

may  be  different  in  the  two  layers;  their  absorp- 
tion band  may  be  located  at  700-710  m^  in  the  hydrophobic 
system  1,  and  nearer  670  mfi    in  the  hydrophilic  system  2. 
The  question  arises:   How  is  it  possible  for  the  photoxida- 
tive  process  in  one  layer  to  be  effectively  coupled  with  a 
photoreduct ive  process  in  the  opposing  layer,  preventing  the 
loss  of  energy  by  back  reactions  within  the  layer?   Is  the 
existence  of  photosynthet ic  units  in  both  layers,  with  their 
enzymatic  centers  in  juxtaposition,  sufficient  to  insure 
effective  correlation,  evidenced  by  utilization  of  almost 
all  light  quanta  absorbed,  (at  least,  in  weak  light)? 

In  the  light  of  Menke's  results,  one  is  tempted  to  equate 
the  photosynthet ic  units  in  the  hydrophilic  layer  with  his 
"crystallites,"  and  consider  the  possibility  of  chlorophyll 
molecules  in  the  hydrophobic  layer  not  being  associated  in 
units  at  all.   However,  bringing  quanta  absorbed  by  such 
scattered  molecules  into  action  at  the  proper  reaction  site, 
would  be  very  difficult. 

The  effectiveness  of  coupling  of  events  in  two  layers  de- 
pends on  the  time  interval  allowed  between  the  two  photo- 
chemical reactions.   The  observations,  by  Myers  and  French, 
of  the  Emerson  enhancement  in  flashing  light  suggest  that 
the  intermediates  involved  may  be  long-lived  enough  to  per- 
mit effective  coordination  of  the  two  processes,  even  in 
weak  light.   (Otherwise,  the  light  curves,  showing  the  rate 
of  photosynthesis  as  function  of  light  intensity,  would  be 
quadratic  in  weak  light  and  only  gradually  approach  linear- 

ity)!  ,. 


Another  question  is  that  of  the  mechanism  of  function  of 
the  sensitizing  pigments.   Do  they  themselves  serve  as  re- 
versible oxidation-reduction  catalysts,  (or  more  exactly, 
"photocatalysts" )  in  the  electron  (or  hydrogen)  transfer 
chain?   The  search  for  evidence  of  reversible  oxidation- 
reduction  reactions  of  chlorophyll  in  the  sensitization  of 
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photosynthesis  in  vivo  remains  inconclusive.   We  know  from 
the  work  of  Krasnovsky,  Evstigneev  and  coworkers,  that,  in 
vitro ,  chlorophyll  sensitizes  energy-storing  oxidation- 
reductions,  (such  as  that  of  riboflavin  by  ascorbic  acid), 
by  itself  undergoing  reversible  reduction. 

Measurement  of  difference  spectra  by  Coleman  (in  our  lab- 
oratory), and  by  Kok  at  RIAS,  suggested  that  in  sufficiently 
intense  light,  difference  bands  appear  in  the  region  of 
chlorophyll  absorption,  in  the  red  as  well  as  in  the  blue, 
indicative  of  reversible  bleaching  of  chlorophyll,  beginning 
when  saturation  of  photosynthesis  sets  in.   However,  neg- 
ative difference  bands  appearing  in  the  neighborhood  of 
680-690  mp,    could  be  due  to  changes  in  fluorescence. 
(Fluorescence  caused  by  the  modulated  measuring  light  beam 
could  be  made  more  intense  by  strong  "background"  of  non- 
modulated  actinic  light;  it  is  known  that  the  yield  of 
fluorescence  in  vivo  is  about  doubled  when  cells  pass  from 
the  "light-limited"  into  the  "light-saturated"  state). 
Coleman  thought  that  he  had  disposed  of  these  objections  by 
re-routing  the  light  beam  under  a  right  angle  to  its  orig- 
inal direction,  and  decided  that  not  more  than  10'^  of  the 
difference  band  he  observed  at  680  m;i  could  be  due  to  fluor- 
escence effects.   More  recently,  however,  Mr.  Rubinstein  in 
our  laboratory  found--by  measurements  in  polarized  light-- 
that  a  much  larger  proportion,  (perhaps,  the  whole)  of  the 
negative  difference  bands  observed  at  680  mji,  were  in  fact 
due  to  fluorescence  changes.   Independently,  similar  con- 
clusions were  reached  by  Krasnovsky  and  coworkers. 

However,  certain  true  changes  in  absorption  spectra  in 
the  chlorophyll  a^   absorption  region,  do  occur;  they  include 
a  "negative"  band  at  648  mp,  and  a  "positive"  one  at  658  mu. 
These  bands  were  first  observed  by  Strehler,  and  also  noted 
by  Coleman.   Recently,  they  were  studied  much  more  precisely 
by  Rubinstein  in  our  laboratory.   Their  occurence  suggests 
that  some  reversible  photochemical  transformations  do  occur 
in  the  chlorophyll  system  during  photosynthesis;  but  whether 
these  are  in  the  nature  of  oxidation-reductions  (such  as 
would  be  expected  if  chlorophylls  were  to  serve  as  a  wayside 
station  in  the  transfer  of  electrons  or  TT-atoms  in  photo- 
synthesis) remains  uncertain.   Kok  found  a  difference  band 
at  about  705  mji,  which  he  attributed  to  reversible  photo- 
chemical transformation  of  a  long-wave  component  of  the 
chlorophyll  system  directly  associated  with  an  enzymatic 
center  and  serving  as  a  final  "sink"  in  the  energy  trans- 
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fer  chain.   In  this  case,  too,  the  possibility  of  this 
change  being  in  the  nature  of  oxidation-reduction  remains 
uncertain,   Witt  considered  certain  difference  bands  he  ob- 
served in  the  short-wave  region  of  the  spectrum  as  indica- 
tive of  reversible  oxidation  and  reduction  of  chlorophyll, 
but  this  interpretation,  too,  remains  hypothetical. 

The  old  problem  of  chemical  (photocatalytical)  versus 
purely  "physical"  sensitizing  action  of  chlorophyll  in 
photosynthesis,  thus  remains  an  elusive  one. 

5. 

Two  types  of  fluorescence  measurements  need  to  be  inter- 
preted for  the  two-layer  pigment  picture  to  be  convincing. 
One  is  the  above-mentioned  finding,  by  Franck  and  coworkers, 
(as  well  as  by  Wassink  and  others),  that  the  fluorescence 
yield  of  photosynthesis  doubles  (from  about  1.5^  to  about 
3^)  when  photosynthesis  becomes  light-saturated. 

In  our  picture,  chlorophyll  is  supposed  to  fluoresce  in 
the  hydrophilic  layer,  where  it  sensitizes  the  oxidation  of 
water,  and  to  be  non-fluorescent  in  the  hydrophobic  layer, 
where  it  sensitizes  the  reduction  of  the  organic  substrate, 
X.   Additional  ad_  hoc  hypotheses  are  needed  to  explain  in 
this  picture  why  the  fluorescence  yield  should  double  at 
light  saturation  of  photosynthesis.   (Pranck  sees  in  this 
finding  the  evidence  that  of  the  two  photochemical  steps, 
one  is  brought  about  by  fluorescent,  and  one  by  metastable 
chlorophyll  molecules). 

The  other  finding  is  due  to  S.  Brody,  who  found  in  our 
laboratory  that  the  lifetime  of  chlorophyll  fluorescence  in 
living  cells  is  slightly  less  than  one  half  of  that  in  sol- 
ution— while  the  steady  fluorescence  yield  is  at  least  10 
times  smaller  (3^  vs.  30^),   Brody' s  value  was  subsequently 
confirmed  by  more  precise  measurements  of  Tomita  and  Murty, 
They  support  the  presence  j_n  vivo  of  two  forms  of  chloro- 
phyll, but  suggest  that  the  fluorescent  form  accounts  for 
only  20^  of  the  total,  and  the  non-fluorescent  for  80^,   How- 
ever, Brody' s  results  were  obtained  by  means  of  very  brief 
flashes  of  illumination;  the  average  light  intensity  was 
very  low,  and  the  cells  could  be  presumed  to  remain  in  the 
dark-adapted  state.   Lifetime  measurements  should  be  repeat- 
ed with  cells  illuminated  with  a  background  light,  suffix 
ciently  strong  to  maintain  steady  photosynthesis. 
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Cbviously,  more  studies  are  needed  before  it  could  be 
said  that  the  fluorescence  data  confirm  (or  contradict)  the 
two-layer  scheme,  suggested  in  this  paper, 

6. 


The  lamellar  structure  of  the  photosynthet ic  apparatus  in 
general — and  the  two-leaf  structure  discussed  here  in  part- 
icular--may  favor  effective  storage  of  light  energy  in  two 
ways:  (l)  by  permitting  resonance  energy  migration  within 
the  layers,  and  thus  facilitating  the  utilization  of  quanta 
absorbed  in  a  large  number  of  chlorophyll  molecules,  for 
chemical  transformations  in  a — by  geometrical  necessity, 
much  smaller--number  of  enzymatic  sites;  and  (2)  by  causing 
spatial  separation  of  the  oxidation  and  reduction  products 
in  two  different  layers,  thus  making  immediate  back  reac- 
tions unlikely.   (For  example,  the  organic  reduction  pro- 
ducts may  be  given  off  into  a  hydrophobic,  lipoid  layer, 
while  the  photoperoxides,  and  ultimately,  oxygen,  are 
evolved  into  the  hydrophilic,  proteidic  layer).   In  this 
connection,  1  would  like  to  mention  one  experiment.   On  my 
suggestion.  Dr.  Mathai  carried  out  the  oxidation-reduction 
reaction  between  ferrous  iron  and  thionine  dye  in  a  two- 
phase  system,   (ether  +  water).   This  reaction  is  in  some 
respect  analogous  to  photosynthesis,  or  even  more,  to  Kras- 
novsky's  reaction  between  chlorophyll  and  ascorbic  acid;  it 
stores  energy  equivalent  to  a  potential  difference  of  about 
0.3  V,  by  using  visible  light  energy,  absorbed  in  a  dye 
molecule.   When  illumination  stops,  the  reaction  is  reversed 
and  the  color  of  the  dye  returns.   Vhen  this  reaction  is 
carried  out  in  a  suspension  of  ether  droplets  in  water,  the 
leucothionine  is  extracted  into  the  ether,  while  the  ferric 
ions  stay  in  the  aqueous  phase;  the  two  phases  could  be  sep- 
arated in  a  funnel,  and  both  remain  colorless.   But  v/hen 
alcohol  is  added,  permitting  the  two  phases  to  mix,  the  de- 
layed back  reaction  takes  place,  and  the  mixture  immediately 
becomes  dark  purple.   This  simple  experiment  demonstrates 
the  effectiveness  of  phase  separation  of  products  for  chem- 
ical storage  of  light  energy  in  an  oxidation-reduction 
system. 


FLUORESCENCE  IN  TWO-PIGMENT  SYSTEMS 
J.  L.  Rosenberg  and  Tevfik  Bigat 


We  report  here  on  some  of  our  recent  experimental  observations 
of  fluorescence  in  algae  and  leaves,  with  particiilar  reference 
to  the  interactions  between  the  two  pigment  systems  and  between 
the  two  photochemical  reactions  of  photosynthesis.   A  ixnified 
model  for  energy  collection  and  for  the  photochemical  sequence 
of  photosynthesis  will  be  assiomed,  applicable  to  green  algae, 
phycobilin- containing  algae,  and  green  leaves. 


RED  ALGAE 


Experimental 


Fluorescence  observations  of  Porphyridium  cruentum  were 
carried  out  under  conditions  of  chromatic  transients  occiirring 
when  the  wave-length  of  illumination  is  changed.   In  addition 
steady-state  intensities  of  fluorescence  were  observed  under 
differential  excitation  of  the  chlorophyll  a  and  of  the 
phycobilins.   Days ens '  publication  of  a  similar  study  appeared 
while  our  own  manuscript  was  in  preparatlon(l ) .  We  therefore 
need  not  give  great  experimental  detail,  but  mention  partic- 
ularly those  points  of  difference  between  oixr  work  and  his. 
We  will  use  his  notation  wherever  possible: 

The  density  of  the  cell  suspension  was  such  as  to  allow  25- 
50fo  transmission  at  680  m\i   in  the  1  mm  optical  path  of  the 
fluorescence  cell.   The  sample  could  be  illuminated  with  two 
beams  entering  the  cell  along  the  same  path,  a  blue  beam  at 
k-k^   m|j,  absorbed  principally  by  chlorophyll  a  and  a  green  beam 
peaking  at  535  m^i  absorbed  principally  by  phycoerythrin.  These 
beams  served  both  as  actinic  and  fluorescence  excitation  beams . 
Fluorescence  was  observed  at  4-5°  to  the  actinic  beam  through  a 
679  mp.  interference  filter  appropriately  supplemented  to 
eliminate  all  scattering  and  phycobilin  fluorescence. 

For  approximately  equal  incident  intensities  of  the  two  beams, 
the  steady-state  fluorescence  d-uring  simultaneous  irradiation  was 
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not  only  less  than  the  sum  of  the  fluorescences  with  separate 
excitations  but  was  less  than  the  fluorescence  with  the  green 
beam  only.   In  a  typical  experiment,  for  which  the  green  beam 
intensity  was  97  aJ^d.  the  blue  90,  in  units  of  10"11  einstein/cmS 
sec,  the  relative  steady-state  fluorescence  intensities  for 
green,  blue,  and  green  plus  blue  excitations  were  I30,  25,  and 
100  respectively.   The  attainment  of  these  steady  values  in 
changing  from  one  type  of  illumination  to  another  was  achieved 
by  way  of  interesting  transients.  Fig.  1  summarizes  the  trans- 
ients accompanying  addition  or  removal  of  blue  excitation  to  a 
sample  under  continued  green  irradiation.   The  transient 
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Fig.  1.   Chlorophyll  a  fluorescence  of  Forphyridium 
showing  transients  due  to  shifting  from  green  to  green 
plus  blue  illumination  and  the  reverse .   The  regime  of 
illumination  was  not  changed  \antil  the  steady-state  of 
fluorescence  was  reached  for  each  type  of  illumination. 
Incident  intensity  for  the  green  beam  was  97  a^d.  for 
the  blue,  90  (in  10~11  einstein/cm^-sec ) . 


accompanying  the  shift  from  blue  to  green  excitation  is  shown 
in  Fig.  2.   Here  the  initial  instantaneous  rise  in  fluorescence 
is  followed  by  a  slower  sigmoid  rise  to  a  new  steady-state  at  a 
rate  increasing  with  Increasing  green  light  intensity.  ¥e 
failed  to  observe  the  maximum  found  by  Duysens  for  Forphyridium 
but  not  found  by  him  to  a  large  extent  in  other  species .   We 
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believe  that  Ms  raaxim-um  might  be  a  normal  induction  outb\arst, 
and  that  its  occurrence  might  require  a  longer  elapsed  period 
at  low  photosynthetic  activity  (dark  or  blue  light)  before 
switching  to  green  than  was  allowed  in  ovor   experiments . 


TIME   (seconds) 

Fig.    2.      Chlorophyll  a  fluorescence  of  Porphyridium 
showing  the   chromatic  transient  accompanying  the  shift 
from  blue  excitation  (l  =  128)  to  green.      Intensity  of 
green^    in  imits   of  10"11  einstein/cm^-sec:   A,    I   =  l^Sj 
B,   I  =  79;   C,    I  =  ko. 


Discussion 


(1) 


The  above  results,  like  those  of  Duysens  with  red  algae    and 
of  Govindjee  et  al.  with  Chlorella( 2 ) ,  may  be  interpreted  on  the 
basis  of  two  pigment  systems.   System  1,  containing  the  biolk  of 
the  chlorophyll  a  in  the  red  algae  and  the  long-wave  absorbing 
component  in  the  gredn  algae,  gives  very  little  chlorophyll  a 
fluorescence;  while  System  2,  containing  the  phycobilins  in  the 
red  algae  and  the  bulk  of  the  chlorophyll  a  in  the  green  algae, 
is  capable  of  a  strong  chlorophyll  a  fluorescence. 

To  accommodate  the  experimental  results  we  start  with  a  model 
different  from  that  of  Duysens  in  one  very  important  respect. 
He  postulates  that  System  1  is  req.uired  for  the  sensitization  of 
photochemical  Step  (l)  and  that  System  2  can  sensitize  only 
photochemical  Step  (2).   The  substrate  for  Step  (2),  Q  is 
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an  oxidized  direct  or  indirect  product  of  Step  (l)  and  is  reduced 
photo  chemically  "by  the  fluorescent  state  of  System  2.  We  base 
our  interpretation  on  the  model  of  Franck  and  Rosenberg, ^ 5j  in 
■which  the  non- fluorescent  System  1  efficiently  sensitizes  only 
Step  (l),  as  in  Duysens '  scheme^  but  in  which  System  2  may  sensi- 
tize either  Step  (l)  or  Step  (2),  Step  (l)  by  way  of  a  meta- 
stable  state  and  accompanying  fluorescence  and  Step  (2)  by  way  of 
the  excited  singlet  state  without  fluorescence.  With  this  dif- 
ference we  propose  the  following  correlations  with  experiment: 

(a)  The  action  spectrxim  determined  by  Duysens  for  photo- 
synthesis against  a  background  of  strong  green  light, \1)  similar 
to  the  action  spectriom  for  cytochrome  oxidation  in  the  presence 
of  DCMQ, (^/  shows  equal  effectiveness  of  chlorophyll  a  and 
phycoerythrin .   We  assign  this  as  the  action  spectrum  for  Step 
(l),  not  System  1,  and  expect  it  to  be  a  combined  action  spectrxom 
for  System  1  plus  System  2. 

(b)  System  2  is  capable  of  efficient  photosynthesis  by  itself., 
This  correlates  with  the  observed  proportionality  between  the 
action  spectra  for  photosynthesis  and  for  chlorophyll  a   fluor- 
escence. (5  j  Although  good  absolute  quantxam  yield  data  may  not 
exist  showing  a  minimum  quantum  requirement  of  8  for  red  algal 
photosynthesis,  there  certainly  is  good  evidence  with  Chi or ell a 
and  with  brown  and  blue  algae  that  the  minimum  quantum  require- 
ment may  be  achieved  with  monochromatic  light  over  a  wide  wave- 
length region. (d)  If  the  same  distribution  of  function  between 
two  pigment  systems  exists  in  all  the  algae,  this  fact  could  be 
explained  only  if  one  of  the  systems  may  sensitize  both  photo- 
chemical steps. 

(c)  A  long-wave  absorbing  pigment,  like  P7OO,  cannot  act  as  a 
sink  for  singlet  excitation  energy  during  normal  photosynthesis 
lander  illumination  absorbed  by  System  2,  even  when  System  2  is 
being  used  for  Step  (l).   If  we  ass-ume  that  P7OO  removes  excita- 
tion in  connection  with  Step  (l),  then  the  observed  chlorophyll  a 
fluorescence  would  have  to  arise  by  competition  with  Step  (2). 
This  is  in  contradiction  to  the  finding  in  our  experiments  and  in 
those  of  others  that  the  fluorescence  from  System  2  is  depressed 
particularly  when  this  system  is  working  with  high  efficiency  in 
sensitizing  Step  (2),    namely^  when  simultaneous  blue  irradiation 
provides  adequate  Q  substrate.   An  attempt  to  retain  the  assump- 
tion of  trapping  by  P7OO  by  allowing  a  small  fluorescence  leak 
during  the  flow  of  excitation  from  System  2  to  P7OO  would  not 
work,  because  a  small  fluorescence  leak  of  chlorophyll  a  is 
always  accompanied  by  a  many- fold  greater  leak  into  the 
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metastable  state  of  chlorophyll  a,  and  the  combined  energy  losses 
for  fluorescence  and  metastable  state  formation  would  be  too 
excessive  to  allow  for  good  quantum  yields. 


(d)  Existing  fluorescence  data  need  not  he  interpreted  to 
exclude  the  possibility  that  Q^  the  substrate  for  Step  (2)  is.  . 
oxidized  cytochrome  f.  This  exclusion  has  been  made  by  Buys  ens '^ 
and  in  somewhat  different  language  by  Kautsky  et  al.(7)  on  the 
ground  that  the  fluorescence  is  low  after  a  dark  period  when 
cytochrome  f  is  known  to  be  reduced.   It  must  be  emphasized  that 
oxidized  Q  is  not  the  only  quencher  of  chlorophyll  a  fluorescence. 
It  is  well  known  that  after  a  dark  period  metabolic  oxidants 
substitute  for  the  normal  primary  photosynthetic  oxidants  during 
the  beginning  of  the  induction  period,^  ■'  Even  on  steady  irradia- 
tion at  intensities  below  compensation  this  type  of  substitution 
occurs  and  is  accompanied  by  lower  than  normal  fluorescence 
yields. (9)  The  lowering  of  fluorescence  under  such  conditions 
can  be  explained  in  terms  of  a  postulated  adsorption  of  these 
substitute  oxidants  at  the  chlorophyll  and  their  consequent 
ability  to  use  chlorophyll  a  singlet  excitation  directly  in  a 
variant  of  Step  (l ),  thus  quenching  fluorescence .  ^-'-^'' 

(e)  Since  the  above  model  allows  System  2  to  sensitize  both 
photochemical  steps,  it  is  necessary  for  reasons  of  geometrical 
economy  about  the  bifunctional  reaction  center  that  there  not  be 
too  many  different  photochemical  substrates  that  are  part  of  the 
built-in  photosynthetic  apparatus.  For  this  reason,  as  well  as 
for  others  discussed  elsewhere  in  this  Symposium,  ^  ^''  we  propose 
that  Q,  the  normal  quenching  substrate  for  Step  (2),  is  oxidized 
cytochrome  f  and  that  the  same  cytochrome  in  the  reduced  form  is 
a  substrate  for  Step  (l). 

(f)  In  the  absence  of  substitute  reactions  discussed  in  (d) 
the  chlorophyll  a  fluorescence  yield  in  the  light-limiting 
region  depends  mainly  on  the  ratio,  r,  of  the  rate  of  use  of 
System  2  for  Step  (l)  to  its  use  for  Step  (2).   The  shape  of  the 
transients  shown  in  Figs.  1  and  2  can  be  accounted  for  very  well 
in  terms  of  the  adjustment  of  the  value  of  r  to  the  illumination 
regime,  with  the  detailed  model  of  Franck  and  Rosenberg  predic- 
ting that  r  may  range  from  a  value  close  to  zero,  immediately 
after  a  period  of  System  1  light  absorption  and  oxidized  cyto- 
chrome accumulation,  to  a  value  of  unity  during  steady-state 
absorption  by  System  2  alone. ^^j 
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GREEN  PLANTS 

We  report  here  two  experiments  with  green  plants  which  bear  on 
the  problem  of  interaction  between  the  two  photochemical  systems. 
By  a  procedxare  described  in  detail  elsewhere^  we  determined  the 
fluorescence  spectriim  at  the  one-second  peak  of  the  induction 
outb"urst  following  a  dark  period  relative  to  the  spectrum  at 
steady-state  irradiation.   Fig.  3  summarizes  some  typical  results, 
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Fig.  3-  Relative  fluorescence  spectrum  of  a  fresh 
Forsyi:hia  leaf  at  the  induction  maximum.   The  leaf  was 
illuminated  in  air  with  blue-green  light,  I  =  800  x  10--'--'- 
einstein/cm^-sec,  following  a  10-minute  dark  period. 
R^  is  intensity  of  emission  at  wave-length  \  at  the 
steady-state,  reached  after  about  20  seconds  of 
irradiation.   The  abscissa,  measuring  the  ratio  of 
R^y^  to  R^YQ  (^si'^g  679  W-   a.s  a  reference  wave-length), 
would  follow  the  dashed  horizontal  line  If  the  induction 
outburst  had  the  same  spectrum  as  the  steady- state 
fluorescence.  The  two  curves'  are  for  different  samples .  v-'-'^'' 


The  c\arves  of  Fig.  3  show  that  there  is  relatively  more 
increase  in  679  n^M'  fluorescence  (the  main  chlorophyll  a  band) 
d\aring  the  outbxorst  than  in  the  longer  wave-length  component. 
The  same  was  found  for  many  kinds  of  samples,  both  leaves  and 
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algae.  These  results  are  similar  to  those  reported  ^y,   v 
Lavorel  for  Chi  or  ell  a  hy  a  completely  different  method/11-' 
and  are  consistent  with  the  finding  of  Butler  that  there  vas 
practically  no  increase  in  the  ability  of  light  at  wave-lengtJiB. 
above  TOO  m^  to  excite  fluorescence  at  the  induction  outburstr:  '' 

The  simplest  interpretation  of  these  facts  is  that  the  far- 
red  fluorescing  pigment^  corresponding  to  P7OO  in  absorption, 
can  participate  in  photochemistry  only  indirectly  or  only  by 
way  of  its  metastable  state.   If  this  pigment  belongs  to 
System  1  and  acts  as  an  energy  sink  for  other  pigments  within 
System  1,  there  would  be  a  unique  assignment  of  the  photo- 
sensitizing role  for  Step  (l)  to  a  metastable  state,  whether 
System  (l)  or  System  (2)  absorption  acts  lead  to  this  photo- 
chemical act. 

Fig.  k   shows  the  results  of  some  typical  fluorescence 
transients  in  leaves  accompanying  the  reduction  of  incident 
Intensity  from  a  value  above  saturation  to  a  lower  value. 
These  experiments  were  a  confirmation,  and  extension  of  a 
phenomenon  reported  by  Franck  et  al.^^^).   The  different 
courses  of  Curves  A  and  B  in  Fig.~5  suggests  a  difference 
in  mechanism  of  satioration  for  the  aerated  and  C02-d.epleted 
samples.   In  the  aerated  leaf,  curve  A  of  Fig.  k,    the  major 
cause  of  saturation  is  probably  located  in  the  oxygen- 
liberating  reactions  following  Step  (2).   Under  such  condi- 
tions oxidized  cytochrome  accumulates  but  is  not  able  to 
undergo  Step  (2)  as  rapidly  as  quanta  are  supplied  to  the 
reaction  centers.   When  the  incident  intensity  is  lowered, 
a  region  of  greater  quanta!  utilization  is  reached. 
Efficient  photochemistry  will  start  with  Step  (2)  to  reduce 
the  backlog  of  oxidized  cytochrome.   The  fluorescence  yield 
will  thus  start  low  at  the  reduced  Intensity  and  will  slowly 
rise  as  the  excess  oxidized  cytochrome  is  reduced  and  the 
two  photochemical  steps  again  come  into  phase  with  each 
other . 

In  the  COg- deprived  sample.  Curve  B  of  Fig.  h,    the  major 
cause  of  saturation  is  the  limitation  in  supply  of  the 
nat-ural  photosynthetic  oxidant  for  Step  (l).   In  such  a  case, 
prolonged  irradiation  at  high  light  leaves  the  cytochrome 
principally  in  the  reduced  state.   On  a  sudden  reduction  in 
light  intensity  a  more  efficient  quantal  utilization  will  be 
felt  primarily  in  Step  (l),  ajid  the  fluorescence  will  remain 
above  the  final  steady- state  value  until  the  two  photochemical 
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Fig.  k.  Fluorescence  at  680  m^i  of  a  bean  leaf  following 
the  transition  from  high  light  to  low  light  irradiation. 
Incident  intensity  in  "blue-green  prior  to  zero  time^  in 
units  of  10"^  einstein/cm^-sec:  A,  I  =  336,  B,  I  =  250. 
Intensity  was  reduced  to  one-eighth  initial  intensity  at 
zero  time.  A:  leaf  in  moist  air;  B,  leaf  in  COo-free 
air , 
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steps  come  into  phase  with  each  other.   The  above  explanation 
may  not  include  all  factors  responsible  for  the  transients  in 
Fig.  h  but  does  provide  a  basis  for  understanding  the  dif- 
ference between  the  two  cases  studied. 
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RELATIONSHIP  BETWEEN  LIGHT  INDUCED  EPR  SIGNAL 
AND  PIGMENT  P700 

Helmut  Beinert  and  Bessel  Kok 


In  two  previous  communications  (1,2)  we  have  reported  ob- 
servations on  the  narrow  (--^8  gauss)  EPR  signal  induced  by 
light  in  photosynthetic  materials.   (This  signal  is  also 
known  as  signal  I  (Ref.  3)  or  signal  II  (Ref.  4)  and  rapidly 
decaying  or  "R"  signal  (Ref.  $)•   Ti^e  first  paper  (l)  de- 
scribed properties  of  the  signal  observed  in  a  preparation  of 
the  red  alga  strain  TX  27  that  was  largely  deprived  of  phyco- 
bilin  and  enriched  in  "P700"  by  partial  extraction  of  the 
chlorophyll  using  72%  acetone  (6).   The  signal  appeared  on 
illumination  at  room  or  liquid  nitrogen  temperature  or  after 
chemical  oxidation  by  means  of  ferricyanide .   Double  integra- 
tion of  the  derivative  signal  indicated  a  concentration  of 
spins  nearly  identical  to  the  concentration  of  P700  as  deter- 
mined by  difference  spectroscopy  assuming  a  molar  extinction 
of  10~5  M~  xcm~   and  complete  bleaching  in  the  photoact.   A 
second  extraction  of  the  algal  preparation,  now  with  S0%   in- 
stead of  72%   acetone,  removed  the  EPR  signal  as  well  as  the 
difference  spectroscopic  signal  at  700  mu.   We  concluded  that 
these  results  could  be  most  readily  explained  if  the  photo- 
oxidized  form  of  P700  was  responsible  for  the  narrow,  fast 
decaying  EPR  signal  in  photosynthesis. 

The  second  paper  (2)  reported  observations  with  whole 
cells  of  the  blue-green  alga  Anacystis  at  room  temperature. 
The  relative  strength  of  the  narrow  EPR  signal  was  measured 
as  a  function  of  intensity  of  either  one  or  both  of  two  wave- 
lengths:  630  mu  absorbed  by  phycocyanin  and  quite  effective 
in  provoking  photosynthesis  and  710  mu  absorbed  by  (long 
wave)  chlorophyll  and  rather  ineffective  in  provoking  photo- 
synthesis.  The  EPR  signal  showed  the  same  behavior  as  the 
oxidized  form  of  P700  which  was  observed  earlier  spectro- 
scopically  {?):      Long  wave  light  proved  much  more  effective 
in  provoking  the  EPR  signal  than  short  wavelengths,  or  a 
combination  of  the  two  lights.   These  data  therefore  also 
indicated  the  possible  identity  of  the  EPR  signal  with  oxi- 
dized P7OO,  presumably  the  oxidized  moiety  generated  in  the 
long  wave  photoreaction  of  photosynthesis.   Since  its  reduc- 
tion requires  the  reduced  moiety  generated  in  the  short  wave 
photoact,  P700   tends  to  accumulate  in  the  absence  of  the 
short  wave  light. 


131 


132 


Helmut  Beinert  and  Bessel  Kok 


Weaver  and  Bishop  (8)  recently  failed  to  observe  the  nar- 
row EPR  signal  in  a  Scenedesmus  mutant  (#8).   Spectroscopic 
examination  of  this  alga  indeed  did  not  reveal  a  light  in- 
duced bleaching  of  P700  (9). 

Spectroscopic  determination  of  P700  revealed  a  maximum  ab- 
sorbancy  change  at  700  mu  of  1  unit  per  300-400  units  of 
total  chlorophyll  absorbancy  (at^ — ^675  mu).   Its  soret  band 
(at  hj>2   mu)  as  well  as  its  nearly  identical  solubility  in 
organic  solvents  indicate  P700  is  a  chlorophyll  _a  molecule. 
We  assume  that  a  special  binding  site  causes  a  long  wave 
change  of  its  absorption  band  and  underlies  its  function  as 
a  photoconverter .   This  assumption  assigns  to  P700  a  molar 
extinction  coefficient  similar  to  that  of  chlorophyll  a 
(  -^10^  in  vivo) . 

A  second  assumption:   that  complete  bleaching  occurs  in 
the  photoact  yields  a  ratio  of  one  trapping  center  per  300- 
400  sensitizing  chlorophyll  molecules — in  good  agreement  with 
measurements  of  the  "photosynthetic  unit"  (10,11). 

If  the  oxidized  form  of  P700,  P700*,  which  is  formed  in 
the  long  wavelength  photoact,  were  identical  with  the  free 
radical  species  observed  by  EPR,  the  quantitative  relation- 
ship, between  the  number  of  spins  represented  by  the  EPR 
signal  and  the  amount  of  P700  detected  optically,  which  we 
observed  in  a  preliminary  experiment  (1),  should  hold  rather 
generally  for  photosynthetic  materials  and  furthermore,  the 
kinetics  of  appearance  and  disappearance  of  the  EPR  signal 
should  match  that  of  the  typical  absorption  band  of  P700, 

In  the  present  work  we  undertook  a  direct  approach  at 
quantitation  of  the  number  of  spins  represented  by  the  light 
induced  EPR  signal  and  the  amount  of  chlorophyll  and  P700 
present  in  a  variety  of  materials.   Knowledge  of  any  consist- 
ent quantitative  relationships  would  obviously  be  of  interest, 
even  if  the  EPR  signal  were  not  due  to  P700'^  itself  or  a 
closely  associated  electron  carrier  or  trap. 

Vife  were  aware  during  the  course  of  this  work  that  quanti- 
tation of  EPR  signals  is  beset  with  many  difficulties,  that 
we  had  to  make  certain  assumptions,  which  are  not  readily 
amenable  to  experimental  verification,  and  that  a  definitive 
identification  of  the  component  responsible  for  the  EPR  sig- 
nal could  not  be  expected  from  our  approach.   The  EPR  data 
were  evaluated  on  the  assumption  that  the  light  induced  free 
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radical  species  are  fully  detectable  by  EPR  and  that  no 
interactions  interfere  with  this  detectability . 

The  concentration  of  unpaired  electrons  was  measured  by 
EPR  spectroscopy  at  ambient  and  low  (-50"  to  -70")  tempera- 
ture as  will  be  described  in  detail  elsewhere  (12).   For  the 
experiments  at  room  temperature  a  double  cavity  was  used, 
which  held  both  sample  and  standard  in  matched  flat  cells. 
A  benzene  solution  of  diphenylpicrylhydrazyl  (DPPH)  was  used 
as  a  steindard  at  room  temperature  and  a  pitch  sample  in  KCl 
and  nitrosyldisulfonate  in  KOH  at  low  temperature.   The 
standards  as  well  as  the  integration  procedure  used  were 
cross  checked.   Conditions  were  chosen  that  saturation  of  the 
EPR  signals  with  microwave  power  did  not  occur  or  was  suf- 
ficiently small  that  it  could  be  corrected.   In  order  to 
ensure  saturation  of  the  pigment  suspension  witn  light,  i.e. 
maximal  signal  development,  the  signal  amplitude  of  serial 
dilutions  of  these  suspensions  was  measured  until  a  linear 
relationship  between  signal  amplitude  and  concentration  was 
observed.   The  double  integration  of  the  derivative  signals, 
which  resulted  in  the  quantitative  estimate  of  unpaired  spins, 
was  based  on  signals  obtained  in  this  linear  region.   Values 
were  also  observed  in  the  dark  and  after  addition  of  ferri- 
cyanide.   The  value  obtained  with  ferricyanide  can  in  many 
cases  serve  as  a  control  for  light  saturation  and  maximal 
signal  development,  as  the  concentration  of  unpaired  elec- 
trons produced  by  an  excess  of  this  oxidant  is  either  very 
similar  to  that  obtained  on  illumination  under  saturating 
conditions  or  larger.   Only  materials  were  selected  for  study 
in  which  overlapping  signals  (broad  signal,   20  gauss,  slow 
decaying  or  "S"  signal,  and  Mn  (II)  signal)  were  absent  or 
small.  Overlap,  when  occurring,  was  corrected. 
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Results  obtained  under  satisfactory  experimental  condi- 
tions are  summarized  in  the  table.   The  last  vertical  col\ 
gives  the  calculated  ratio  of  unpaired  spins  per  P700,   Most 
values  cluster  around  a  ratio  of  2,  although  the  low  tempera- 
ture experiments  on  the  TX  27  preparations  and  the  experi- 
ments on  Anacystis  yielded  higher  ratios.   We  have  no 
explanation  for  the  high  values  obtained  at  low  temperature. 
Although  a  different  standard  (pitch)  was  used  at  low  temper- 
ature than  at  room  temperature,  a  comparison  of  both  stand- 
ards gave  excellent  agreement.   It  is  likely  that  the  high 
values  obtained  for  whole  Anacystis  and  the  same  preparation 
after  sound  treatment  are  due  to  overlap  of  the  narrow  EPR 
signal  with  the  broad  light  induced  EPR  signal  in  such 
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complex  preparations.   Although  overlap  was  corrected  on  the 
basis  of  the  dark  signals  observed  after  illumination,  this 
correction  is  not  entirely  satisfactory  as  the  broad  signal 
is  more  intense  during  illumination.   In  the  last  two  lines 
determinations  on  chromatophores  from  Rhodospirillum  rubrum 
are  reported.   Since  P700  is  not  a  constituent  of  these 
organisms  only  the  ratio  of  bacterio  chlorophyll  [determined 
according  to  (13)3  to  unpaired  spins  is  given.   Approximately 
3%  of  this  chlorophyll  are  thought  to  represent  a  photocon- 
verter,  P89O,  similar  to  P7OO.   On  this  basis  a  spin  per  P89O 
ratio  of  0.4  to  0.5  would  be  obtained. 

We  are  aware  that  our  experiments  cannot  provide  a  final 
decision  or  an  identification  of  the  narrow  light  induced  EPR 
signal;  they  could  at  best  rule  out  or  make  appear  plausible 
certain  possible  interpretations.   In  assessing  the  signifi- 
cance of  the  values  we  obtained,  two  principal  considerations 
are  pertinent:   The  first  is  concerned  with  the  accuracy  of 
our  quantitation  procedures  and  the  second  with  the  question 
of  whether  all  radicals  and  radical  species  formed  in  the 
illuminated  samples  were,  in  fact,  detected  by  EPR. 

To  the  first  point  we  can  say  that  use  of  the  double  sam- 
ple cavity  and  carefully  matched  cells,  the  use  of  independ- 
ently standardized  standards,  attention  to  the  conditions  of 
saturation  with  light  and  microwave  power  and  the  consistency 
of  the  results  obtained  in  the  determinations  at  both  room 
and  low  temperature,  make  it  very  unlikely  that  gross  errors 
were  committed.   Nevertheless,  in  view  of  the  uncertainties 
in  the  absolute  values  of  EPR  standards  and  in  comparison  of 
different  materials,  we  think  that  accumulation  of  errors 
could  have  led  to  values  which  are  in  error  by  a  factor  of 
2  or  3-   The  consistancy  of  the  results  indicates  that  these 
errors,  if  incurred,  are  not  random  but  systematic  and  due  to 
certain  incorrect  assumptions. 

The  second  point  of  concern  is  related  to  the  question  as 
to  what  type  of  paramagnetic  species  is  in  fact  responsible 
for  the  observed  signal.   The  simplest  assumption,  on  which 
our  experiments  here  are  based,  is  that  a  single  free  radical 
species  arises,  which  has  a  structure  and  environment  such 
that  it  can  be  quantitatively  detected  by  the  EPR  technique. 
However,  since  a  one  electron  oxidation  produces  the  radical, 
it  appears  possible  that  a  second  radical,  formed  by  the 
corresponding  one  electron  reduction  (in  the  extreme  case  a 
free  electron)  is  simultaneously  generated.   There  are  no 
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indications  we  know  of  from  the  behavior  of  the  observed  EPR 
signal  that  it  may  represent  two  different  species.   This 
would  still  not  exclude  such  a  possibility,  for  which  one 
could  see  some  support  in  the  high  ratios  of  free  spins 
produced  per  molecule  of  P700  (cf.  Table  l). 

A  serious  objection  to  the  interpretation  of  our  experi- 
mental results  could  arise  from  the  possibility  that  we  might 
not  be  detecting  more  than  a  fraction  of  the  radicals  actu- 
ally produced.   Several  explanations  could  be  given  for  this. 
We  may  be  dealing  with  "lifetime"  broadening,  i.e.,  short 
relaxation  time  of  the  unpaired  electron;  an  exchange  inter- 
action may  broaden  the  line;  or,  in  case  a  free  electron 
were  generated,  it  could  be  trapped  at  non-equivalent  sites 
and  therefore,  experience  varying  local  magnetic  influences, 
which  would  lead  to  line  broadening.   Such  arguments  cannot 
at  present,  be  refuted  on  experimental  grounds.   If  they  were 
valid  our  values  would  set  the  lower  limit  of  radical  concen- 
tration. 

We  may  then  conclude  from  our  data  in  the  light  of  these 
considerations  that  the  number  of  unpaired  electrons  induced 
by  light  in  the  photosynthetic  material  studied  is  either 
closely  similar  or  bigger,  certainly  not  smaller  than  the 
amount  of  P700  present.   It  is  of  interest  to  note  that  other 
components  of  the  photosynthetic  system  in  plants,  have  been 
reported  to  occur  at  a  concentration  of  the  same  range  as 
P700  and  the  light  induced  EPR  signal  studied  here.   However, 
the  metal  constituents  of  two  of  these:   cytochrome  f  and 
plastocyanin  are  certainly  not  responsible  for  this  signal. 
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Table  1 

Concentrationa  of  Chlorophyll,  P700  and  Detectable  Light- 
Induced  Free  Radicals  in  Various  Photosynthetic  Materials 


Material 

1 

Temp. 
°C 

Chlorophyll 
10  "^M 

P 
700 

10  ""^M 

Spins 
10  ""^M 

Ratio: 
Chlorophyll 
per  spins 

Ratio: 

Spins 

per 

^70n 

TX  27 

broken,  washed 

25 
-5? 

72 
2.5 

38 
1.3 

67 
h.3 

108 
58 

1.8 
3.3 

TX  27,  washed 
acetone  extracted 

25 
-53 

50 
2.0 

65 
2.6 

110 
9.0 

^5 
22 

1.7 
3.5 

Anacystls 
whole  cells 

25 
-53 

120 
6 

ko 

2 

107 
11 

55 

2.7 

5.5 

Anacystls 
broken,  washed 

25 
-53 

52 
2.7 

I'' 
0.9 

65 
3.8 

80 
71 

3.8 
k.2 

Chloroplasts 
acetone  extracted 

-72 

2k 

35 

79 

30 

2.3 

Chloroplasts 

fresh 

aged 
acetone  extracted 

-70 
-70 
-70 

100 
72 
16 

25 
18 
23 

51 
38 
58 

196 

190 

28 

2.0 
2.1 
2.6 

R.rubrum 

25 
-53 

210 
5.3 

330 
6.3 

6k 

137 


Helmut  Beinert  and  Bessel  Kok 


REFERENCES 


1.  Beinert,  H. ;  Kok,  B,  and  Hoch,  G.,  BBRC,  2'  ^09  (1962). 

2.  Kok,  B.,  and  Beinert,  H.,  BBRC,  9,    3^9  (1962). 

3.  Commoner,  B.,  in  "Light  and  Life",  W.  D.  McElroy  and  B, 
Glass,  eds.,  p.  356.   Johns  Hopkins  Press,  Baltimore 
(1961). 

k.      Allen,  M.  B. ;  Piette,  L.  R.,  and  Murdiro,  J.  C,  BBA, 
60,  539  (19o2). 

5.  Weaver,  E.  C,  Arch.  Bioch.  Bioph.,  92,  19^  (I962). 

6.  Kok,  B.,  Bioch.  Bioph.  Acta,  _48,  32?    (1961). 

7.  Kok,  B.,  and  Gott,  W. ,  Plant  Physiol.  33,  802  (I96O). 

8.  iVeaver,  E.  C,  and  Bishop,  N.  I.,  Science,  1^0,  1093 

(1963). 

9.  Kok,  B.,  This  symposium. 

10.  Emerson,  R.,  and  Arnold,  Vi/.,  J.  Gen.  Physiol.,  13.,  391 
(1932). 

11.  Kok,  B.,  Bioch.  Bioph.  Acta,  _22,  399  (1956). 

12.  Beinert,  H.  and  Kok,  B.,  In  preparation. 

13.  Cohen-Bazire,  G. ;  Sistrora,  W.  R.  and  Stanier,  R.  Y., 
J.  Cellular  Comp.  Physiol.,  49,  Z3    (1957). 


EPR  AJTO  OPTICAL  STUDIES  ON  SCENEDESMUS  MUTMTS 
Ellen  C.  Weaver  and  Norman  I.  Bishop 


There  is  more  than  one  way  to  obtain  information  on  single  e- 
lectron  transfers  as  they  are  taking  place  in  an  illuminated  pho- 
tosynthetic  system.  One  which  we  have  been  using  for  some  time  is 
electron  paramagnetic  resonance  (EPR)  spectroscopy(l) .   There  are 
two  light  induced  resonances  which  are  typical  for  the  chloro- 
plasts  of  higher  plants  and  several  species  of  algae.  They  can  "be 
differentiated  on  the  basis  of  g- value,  line  shape,  and  the  ki- 
netics of  their  formation  and  decay.   The  most  prominent  one  forms 
and  decays  in  less  than  a  second;  hence  the  designation  R,  for 
"rapidly  decaying".   It  has  a  g-value  of  2.0025,  is  about  eight 
gauss  wide,  is  unstructured  and  Gaussian  in  shape.   It  has  been 
shown  to  be  dependent  on  the  presence  of  chlorophyllU;2) .   The 
other  resonance  forms  rather  quickly,  but  persists  in  the  absence 
of  illumination  for  periods  up  to  an  hour  or  more;  hence  the  des- 
ignation S,  for  "slowly  decaying".   It  has  a  somewhat  higher  g- 
value,  2.0046,  is  twenty  gauss  wide,  and  displays  partially  re- 
solved hyperfine  structure.   It  has  been  tentatively  identified 
with  the  semiquinone  of  plastoquinonev 3) . 

There  are  two  classes  of  mutants  which  have  provided  further- 
evidence  on  the  role  of  the  two  EPR  signals  in  photosynthesis^.^) . 
Thesepossess  all  the  readily  identifiable  wild  type  pigments  in 
normal  quantities,  and  yet  are  unable  to  photosynthesize.   Those 
in  one  class  are  termed  "oxygen"  mutants,  because,  although  they 
are  able  to  photoreduce  carbon  dioxide  with  hydrogen,  have  a 
greatly  reduced  quinone-Hill  reaction.   All  of  these  have  a  typi- 
cal R  signal,  but  display  only  a  trace  of  the  persistant  S  sig- 
nal.  This  observation,  together  with  that  on  manganese-deficient 
cultures,  which  also  lack  both  Hill  reactivity  and  the  S  signal'^  3  j 
and  photosynthetic  bacteria  which  evolve  no  oxygen  and  also  lack 
the  S  signal,  enables  one  to  identify  the  broad,  structured  sig- 
nal with  the  ability  of  the  system  to  evolve  oxygen  in  photosyn- 
thesis, although  other  interpretations  have  been  proposed^  -' . 
They  all  possess  the  normal  distribution  of  plastoquinones;  some 
other  essential  link  in  the  electron  transport  chain,  not  direct- 
ly observable  with  EPR  spectroscopy,  is  missing. 
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The  second  class  are  termed  "CO2"  mutants  because  they  have  a 
greatly  reduced  ability  to  photoreduce  carbon  dioxide  with  hydro- 
gen, although  the  quinone-Hill  reaction  is  relatively  intact.  One 
of  these,  Mutant  8,  shows  no  R  signal  at  all,  even  though  it  has 
abundant  chlorophyll  (^).  Dr.  Warren  Butler's  investigations  on 
this  mutant  (5)  indicate  that  it  lacks  P7OO,  but  information  on 
this  point  for  the  other  "COg"  mutants  is  lacking.  Fig.  1  illus- 
trates the  behavior  of  the  cultures  under  consideration. 
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Fig.  1  Comparison  of  the  EPR  spectra  in  mutant  and  wild  type 
Scenedesmus.  Due  to  its  long  decay  time,  the  S  signal 
can  be  seen  in  the  absence  of  illumination,  whereas  the  R  signal 
decays  within  seconds,   g-value  may  be  thought  of  as  the  EPR  ana- 
logue of  wavelength  as  used  in  optical  spectroscopy.  All  spectra 
are  made  with  suspensions  containing  approximately  5  x  10"  cells 
per  milliliter  and  with  identical  instrumental  parameters . 
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Another  "CO2"  mutant^  No.  l8^  has  a  trace  of  R  signal  when  ex- 
posed to  bright  light,  hut  this  may  reflect  the  somewhat  higher 
overall  rate  of  photosynthesis  of  which  it  is  capable.   However, 
several  other  "CO2"  mutants  have  an  R  signal  of  approximately  wild 
type  proportions.   Although  a  system  capable  of  carrying  out  phot- 
oreduction  can  produce  an  R  signal,  the  converse  is  evidently  not 
true;  and  R  signal  is  not  a  reliable  indicator  of  photoreduction. 

We  were  fortunate,  therefore ^  to  be  able  to  compare  the  behavi- 
or of  the  mutants  by  optical  means  with  the  results  already  on 
hand.   The  difference  spectrophotometer  in  Prof.  Melvin  Calvin's 
laboratory  is  somewhat  similar  to  the  one  described  by  Dr.  Bessel 
Kok(6)  in  that  it  makes  use  of  repetitive  flashes  of  actinic  light. 
A  spinning  disc  with  a  sector  removed  provides  alternating  light 
and  dark  periods.   The  absorption  is  measured  at  a  given  wave- 
length by  a  photomultiplier  immediately  after  the  flash,  and  again 
just  before  the  flash;  the  difference  in  the  absorption  (light 
minus  dark)  is  plotted  against  wavelength  as  the  monochromator  is 
slowly  driven.   This  particular  machine  is  described  in  detail  in 
a  forthcoming  paperVn.   The  spectra  displayed  here  utilize  a 
flash  of  3  msec  followed  by  a  dark  period  of  30  msec;  thus,  only 
reversible  changes  with  time  constants  which  fall  within  these 
limits  are  detectable. 


WILD    TYPE     SCENEDESMUS 
3  msec    FLASH 
30   msec    DARK 


-'^Jj«Jv^*■)!^*W/«^ — ''■■'^'■./^fMJ^- 


_1 I L. 


500        540 


Fig.  2   Changes  in  absorption  induced  by  3  msec  flashes  in  a  sus- 

pension  of  Scenedesmus.   The  absorption  was  measured  k 
msec  after  the  onset  of  the  flash,  and  again  at  the  end  of  the  30 
msec  dark  period.   A  tungsten  lamp  was  used  with  a  Corning  2030 
filter  passing  only  the  wavelengths  between  GhQ   m^  and  75O  mfj,. 
The  curve  seen  here  is  the  first  minus  the  second  measurement, 
(light  minus  dark).   The  base  line  is  the  absorption  just  before 
the  flash. 
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The  difference  spectrum  of  wild  type  Scenedesmus,  agrees  in  its 
major  features  with  other  published  difference  spectra  for  this 
organism^  -' .   In  contrast  is  the  spectrum  of  Mutant  8,  a  "CO2"  niu- 
tant,  which  displays  virtually  no  spectral  shifts;  yet  Mutant  l8^ 
in  all  other  respects  quite  similar  to  Mutant  8,  has  a  difference 
spectrum  which  resembles  wild  type  (Fig.  3).   Among  the  "O2"  mu- 
tants the  same  situation  holds  true:   some  (e.g.  No.  11)  have  no 
spectral  shifts,  while  others  (e.g.  No.  ko)   look  very  much  like 
wild  type.   There  is  no  obvious  correlation  between  either  of  the 
EPR  signals  and  any  of  the  prominent  positive  or  negative  shifts 
in  the  region  we  were  able  to  scan. 
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Fig.  3  Changes  in  absorption  determined  as  in  Fig.  2.   The  upper 

trace  is  that  of  No.  8,  a  "CO2"  mutant,  and  displays  al- 
most no  changes.   No.  11,  an  "O2"  mutant,  is  similar  in  its  lack 
of  signal.   The  lower  trace  is  of  another  "O2"  mutant,  No.  I8; 
the  "O2"  mutant  No.  kO   resembles  it. 


Fortunately,  it  was  also  possible  to  examine  the  time  course  of 
an  absorption  change  at  any  one  wavelength  by  using  the  machine  in 
the  following  way:  a  neon  flash  bulb  was  substituted  for  the  chop- 
per, allowing  the  time  sequence  of  light  and  dark  to  be  completely 
controlled.  With  the  very  short  time  constants  employed,  sensi- 
tivity had  to  be  sacrificed.  This  difficulty  was  circumvented  by 
use  of  a  coirputer  of  average  transients  (CAT);  this  device  're- 
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members'  the  signal  from  each  of  a  large  number  of  repetitions  of 
each  light  and  dark  sequence.   Noise,  being  random,  is  averaged 
out,  while  any  consistent  signal,  however  small,  is  huilt  up  to 
recognizable  proportions. 

We  devoted  most  of  our  attention  to  the  shift  at  520  m^a;  the 
^+78  m|j.  shift  seems  to  be  related  in  a  direct  way  to  it  in  that  it 
behaves  in  a  similar  way  with  varying  conditions.   Fig.  Ua  is  a 
trace  of  the  rise  and  decay  of  this  shift  in  wild  type  cells; 
both  curves  are  approximately  exponential  with  the  0.1  second 
flash  employed  here.   The  whole  cycle,  light  plus  dark,  is  two 
seconds  in  duration.   Fig.  4b  at  once  tells  us  why  we  were  seeing 
no  shifts  with  the  3  msec  flash  in  Mutant  11;  although  the  posi- 
tive shift  is  rapid,  the  decay  is  very  much  slowed  down.   If  the 
absorption  change  is  not  reversible,  the  repetitive  flash  device 
will  detect  no  change.   For  Number  8,  (Fig.  kc)   both  rise  and  de- 
cay of  the  absorp)tion  shift  at  525  W-   are  slow.   However,  both 


LIGHT 
ON 


Fig,  k     Time  course  of  the  absorption  change  at  525  W-   produced  by 

a  neon  flash  in  wild  type  and  mutant  Scenedesmus.   Each 
curve  is  the  summation  of  100  repetitions  of  the  light-dark 
cycle,  made  with  the  aid  of  a  CAT  (see  text). 
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this  "CO2"  mutant  and  the  one  most  like  it,  Mutant  18,  are  capable 
of  large  shifts  in  absorption  at  525  mjj,  if  the  light  period  is 
long  enough.   Figure  5  demonstrates  that  the  absorption  in  No.  8 
is  still  increasing;  even  at  the  end  of  a  flash  0.4  second  long. 


LIGHT  OFF 


"COj    MUTANT     NO.  8 


-0.4   sec  FLASH 
50   RUNS 


525 


LIGHT  OFF,      ^O.isec  FLASH 
^\^      100  RUNS 


ttlGHT  ON 


Fig.    5 


Comparison  of  the  effect  of  a  0.1  second  flash  in  a  total 
period  of  2  seconds,  which  produces  very  little  change  in 

the  525  mp.  absorption,  with  a  O.k   second  flash  (period  ^i-  seconds) 

which  produces  a  large  change. 


The  picture  is  quite  different  when  wild  type  is  subjected  to 
flashes  of  0,5  second  in  length.   There  is  a  two  phase  rise  at 
525  mji;  first  a  very  steep  one,  lasting  just  over  0.1  second, 
followed  by  a  slower  increase  in  absorption.   Evidently  at  least 
two  absorption  changes,  one  considerably  slower  than  the  other, 
are  taking  place.   The  time  course  of  the  ^4-25  vcnx   shift,  however, 
remains  exponential.   If  one  observes  the  behavior  of  a  represen- 
tative "O2"  mutant.  No.  11,  with  a  0.5  second  flash,  the  time 
course  is  more  conplicated  (Fig.  6).   There  is  a  steep  rise, 
followed  by  a  decay  which  sets  in  while  the  light  is  still  onj 
further  decay  takes  place  when  the  light  is  turned  off.   It  is  al- 
most as  though  some  substance  present  in  this  mutant  was  decreas- 
ing in  optical  density  at  525  ^^^>   "but  with  a  slower  time  course 
than  the  positive  shift.   Possibly  this  substance  does  not  decay 
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Fig.  6  Time  course  of  alDsorption  changes  with  a  0.5  second  flash 

at  525  m|j,  in  wild  type  and  an  "O2"  mutant  (No.  11).   The 
two  phase  rise  in  wild  type  is  contrasted  with  the  negative  shift 
in  the  same  preparation  at  425  i^M-  which  remains  approximately  ex- 
ponential.  Note  the  decay  during  the  0.5  second  flash  in  No.  11. 


entirely  in  the  dark  period,  thus  accounting  for  the  greater 
initial  increase  in  absorption  observed  with  the  shorter  flash 
(Fig.  7). 

The  time  course  behavior  of  No.  8,  wild  type,  and  No.  11  com- 
pose a  series  of  increasing  complexity.   These  were  suspended  in 
water  without  added  substrate.   However,  addition  of  benzoquinone 
to  No.  8,  while  allowing  it  to  evolve  oxygen,  does  not  perceptib- 
ly change  its  optical  behavior.   Nor  does  saturating  No.  11  with 
hydrogen  gas,  which  it  can  use  for  the  photoreduction  of  carbon- 
ate, change  the  characteristics  displayed  here.   However,  it  has 
been  shown  that  adapting  wild  type  Scenedesmus  to  hydrogen  over  a 
number  of  hours  enables  it  to  carry  out  anaerobic  photoreduction. 
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Fig.  7  Absorption  changes  in  Mutant  11  with  flashes  of  different 

duration.   Each  curve  is  the  s'uramation  of  50  repetitions 
of  the  k   second  light-dark  cycle. 


De-adaptation  at  high  light  Intensities  is  prevented  by  the  ad- 
dition of  3(3,4-dichlorophenyl)-l-l-dimethylurea  (DCMJ)  to  prevent 
the  evolution  of  oxygen.   Scenedesmus  thus  treated  "behaves  very 
much  like  untreated  Mutant  11  in  its  capacity  for  photoreduc- 
tion(9);  it  was  therefore  not  unexpected  that  the  adapted  wild 
type  should  display  the  525  ni|a  ahsorption  shift  with  kinetics  re- 
sembling those  of  Mutant  11,  as  can  be  seen  in  Fig.  8. 

We  are  still  not  able  to  equate  any  of  the  spectral  shifts  in 
the  region  we  have  been  examining,  i.e.  that  between  3^0  mji  and 
580  m|j,,  with  either  of  the  typical  free  radical  signals.   The  pre- 
sence or  absence  of  characteristic  EPR  signals  may  in  general  be 
correlated  with  the  photochemical  behavior  of  the  mutant;  however, 
the  rapid  kinetics  of  the  formation  and  decay  of  these  signals  in 
the  mutants  has  not  yet  been  studied.   It  is  notable  that  all  the 
major  absorption  changes  appeared  in  each  strain,  whether  or  not 
metabolic  activity  was  occurring.   The  kinetics  of  these  changes 
were  strikingly  altered  in  the  mutant  cultures,  and  it  is  hoped 
that  further  study  will  provide  a  basis  for  explanation  of  these 
time  course  differences,  and  perhaps  yet  reveal  underlying  rela- 
tionships between  observations  by  these  two  differing  experimen- 
tal techniques. 
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Fig.  8  Absorption  change  in  hydrogen  adapted  wild  type 

Scenedesitius  with  0,1  mg  NaHCO-3  in  10  ml  of  cell  suspension 
and  10-5  M  DCMU.   The  time  course  is  similar  to  that  of  the  "O2" 
mutant^  No.  11.   The  physiological  "behavior  of  these  two  prepara- 
tions has  been  shown  to  he  similar^). 
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A  METHOD  FOR  CALCULATING  QUANTUM  YIELDS  FOR  THE 
FORMATION  OF  REACTION  INTERMEDIATES 

Daniel  Rubinstein 


The  appearance  or  disappearance  of  absorption  bands  during 
illumination  of  photo  synthetic  organisms  has  been  observed  by  many 
investigators  beginning  with  Duysens  (1).    Whether  or  not  these  absorp- 
tions bands  are  due  to  compounds  in  the  main  path  of  photosynthesis 
could  be  best  determined  by  quantum  yield  measurements.    Photo- 
synthesis in  monochromatic  red  light  has  been  observed  to  have  a 
quantum  requirement  of  eight  (±2)  quanta  per  molecule  of  oxygen 
evolved  ^^\    A  much  larger  quantum  requirement  for  the  appearance  of 
an  absorption  band  would  suggest  that  this  band  is  not  due  to  a  compound 
in  the  mainstream  of  photosynthesis. 

Quantimi  yields  have  usually  been  estimated  by  examining  the  rate 
of  increase  in  absorbance,  and  dividing  this  rate  by  that  of  the  light 
absorption.    The  increase  in  absorbance  is  then  converted  into  increase 
in  concentration  (moles  per  liter)  by  assuming  a  plausible  value  for  the 
extinction  coefficient.    In  some  cases,  such  as  the  appearance  of  a  band 
at  420  mn  in  Porphvridium(3)  or  Chromatium  (4)   attributable  to  a 
cytochrome,  the  extinction  coefficient  is  known  from  measurements  in 
vitro;   but  for  nearly  all  other  difference  bands,  whose  molecular  origin 
is  unknown,  a  guess  must  be  made.    In  such  cases,  it  is  usually 
assumed  that  the  extinction  coefficient  of  the  unknown  compound  is 
approximately  the  same  as  that  of  chlorophyll  (or  a  similar  organic 
pigment). 

Many  plots  of  absorption  changes  as  a  function  of  exciting  light 
intensity  have  been  published  (4-10).    in  general,  these  have  been 
plotted  to  determine  whether  several  absorption  bands  belong  to  the 
same  pigment,  or  whether  an  absorption  change  at  a  certain  wave- 
length should  be  attributed  to  more  than  one  pigment(6) .    If  the  plots  for 
changes  at  different  wavelengths  are  identical,  they  may  be  due  to  the 
same  pigment.    If  a  "light  curve"  (as  these  plots  are  designated) 
appears  to  have  inflections,  more  than  one  pigment  may  be  involved. 
Usually,  no  further  information  is  sought  from  these  plots.    A  more 
detailed  analysis  shows,  however  that  additional  information  maybe 
deduced  from  them.    Specifically,  the  shape  of  the  light  curve  may 
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permit  evaluation  of  the  quantum  yield  without  having  to  assume  an 
arbitrary  value  for  the  extinction  coefficient,  or  without  having  to  know 
exactly  the  amount  of  energy  absorbed  by  the  sensitizing  pigment. 


This  evaluation  is  based  on  the  following  postulated  reaction 

Chi     ^  Chi*  (1) 


scheme:  t^t 


^^1 


2  1 

Chl*+A   >   A    +  Chi 

kg  (3) 

A^+  B  >    B''^+  A 

The  first  equation  describes  the  absorption  of  light  and  of  the  pigment, 
Chi  (which  may  be  chlorophyll)  to  Chi*.  The  rate  of  formation  of  Chi* 
is  equal  to  the  number  of  absorbed  quanta,  K  I.    The  rate  constant, 

k  ,  for  the  decay  of  Chi*  includes  all  Chi* >  Chi  transitions,  except 

the  one  leading  to  the  formation  of  the  absorption  band  belonging  to  the 
molecule  A     (eq.  2).    In  the  second  equation,  it  is  postulated  that  the 
excited  molecule,  Chi*,  reacts  with  A  to  form  A^.  In  the  third  equation, 
A-'-  decays,  during  both  light  and  dark  periods,  by  reacting  with  a 
substrate,  B,  assumed  to  be  present  in  excess. 

The  rate  constant  for  the  decay  of  A-*-  (k3,  eq.  3)  can  be  taken 
directly  from  the  time-trace  after  cessation  of  illumination.    The  steady 
concentration  of  Chi*  is  easily  seen  to  be 


(4) 


KI 

o 

,[Chl*] 

=  ■ 

k^  +  k^  [A] 

et  rate  of  formation  of  A    during  i' 

dfA^l 
dt 

=  k^  [Chi*] 

[A] 

-kgLAY 

(5) 

It  is  further  postulated  that  the  saturation  of  the  absorption  change 
observed  at  high  light  intensities,  is  due  to  a  limited  quantity  of  reactant 
A,  available  for  reaction  with  Chi*. 


149 


Daniel  Rubinstein 
It  follows  that 


1,  r  A  1, 


[A]  +  [A^]  =  [A^]^^  =[AJ  (6) 

By  combining  equations  (5)  and  (6): 


^'    ki+k2([A^];;;,-[A^]) 


(7) 


The  q\iantuin  reqmrement  is  the  number  of  quanta  needed  for  the  ^ 
appearance  of  an  absorption  band  corresponding  to  a  jingle  molecule  A  . 
Eq.  (7)  predicts  that  the  initial  rate  of  formation  of  A    ^^^ll  be  propor- 
tional to  the  absorbed  light  intensity.    The  ratio        d  [A  ] /KI^       when 

[A"*"] >     0   has  been  defined  as  the  quantimi  yield       y  by  Olson  and 

Chance  (4)  and  others  (3) (11).    In  the  above  equation 


AJAi  \^l^\^,  (8) 


7  = 


dt  = 

KI^  k-Tk^fAl] 


max 


A^  >   0 

The  steady  state  expression  following  from  (7)  is 


I  k    k  k  (9) 

0=13  +        o 


Only  absorption  changes,  not  concentration  changes  are  actually 
observed;  concentrations  can  be  converted  to  absorbances (optical 
densities  by  dividing  them  by  e  (since  OD  =  e  [A1]  ).    Rearranging  the 
terms,  we  obtain: 

I                 k_                k^  k„  (10) 

o  3  13  


OD        -      .K  k2K(OD^^^-OD) 
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This  is  the  equation  for  a  straight  line  when  Iq/OD  is  plotted  against 


1/  (OD    ^   -  OD) 
'  ^      max  ' 


I, 

0 

0. 

D. 

K3 

ry^^ 

K2 

K£       jO^ 

<r 

^>^ 

1 

' — ^ 

O.D. 


max 


-O.D. 


Figure  1 
The  intercept  on  the  abscissa  and  the  ordinate  are  respectively: 


k^. 


and 


(11) 


(12) 


eK 


The  intercept  on  the  abscissa  is  related  to  the  quantum  requirement  l/y 
by  the  following  expression: 

1  ,  .     ^^  k,    e  (13) 


( 


y 


-    1  )    OD 


max 


\  ' 


The  knowledge  of  the  absolute  number  of  absorbed  quanta,  K  I^  is  not 
needed,  to  calculate  the  quantum  requirement,  since  the  constant,  K,  is 
absent  from  equation  (13).    The  only  terms  needed  for  this  determination 
are  the  change  in  OD  reached  at  high  light  intensity.    Calculation  of  the 
extinction  coefficient  from  the  intercept  on  the  ordinate  (fig.   1)  requires, 
on  the  other  hand,  the  knowledge  of  the  number  of  absorbed  light  quanta, 
since  the  constant,  K,  remains  in  the  expression  (12). 
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Discussion 


In  utilizing  eq.  (10)  for  the  determination  of  quantum  yields  and 
extinction  coefficients  by  extrapolation  of  the  experimental  curves  to  the 
two  axes,  accurate  knowledge  of  several  variables  is  required.    A 
"close  fit"  of  the  individual  points  to  the  straight  line  is  essential  for  the 
extrapolation  to  be  meaningfxil.    It  is  essential  that  the  relative  value  of 
I  be  measured  by  means  of  a  linear  detector,  such  as  a  photomultiplier, 
or  by  utilizing  a  constant  source  of  light  with  calibrated  neutral  density 
filters. 

In  this  determination  of  quantum  yield,  we  assume  a  particular  set 
of  reactions  in  which  ki,  k2  and  ks  were  assumed  constant  and  independ- 
ent of  I  (eq.   l-3y.    Also,  the  conservation  law  was  assumed  to  apply  to 
A;  that  is  A  +  A-*-  was  assumed  to  be  constant.    This  idealized  case  may 
not  always  be  realized,  especially  at  high  light  intensities.    This  will  be 
indicated  by  deviations  from  the  straight  line  in  our  plot.     For  example, 
a  positive  deviation  might  mean  that  k^  increases  with  light  intensity. 
Other  deviations  in  the  same  direction  may  be  caused  by  increases  in  the 
rate  of  eq.   (3)  due  to  a  photochemical  reaction  supplying  substrate  for 
the  back  reaction.      These  and  other  deviations  can  often  be  revealed  by 
other  plots  such  as  those  of  absorbance  vs.  time  or  temperature. 

Any  intermediate  A    which  is  present  in  limiting  concentration 
could  be  detected  not  only  by  the  absorption  of  light,  but  by  other  methods 
(eg.  electron  spin  resonance)  and  the  same  equation  will  apply,  provided 
the  effect  reaches  saturation  by  the  same  reaction  mechanisms.    It  is  to 
be  noted  that  the  plot  in  fig.   1  does  not  give  the  "total"  number  of 
absorbed  quanta  needed  to  produce  one  molecule  of  A^,  but  that  of  the 
quanta  absorbed  by  the  "active"  pigment  participating  in  eq.   (1).    The 
quantum  yields  calculated  from  the  above  plot  may  be  used  in  the  study 
of  light  reaction  mechanisms  in  mixtures  of  "active"  and  "inactive" 
pigments,  particularly  when  the  "total"  quantum  yield  can  be  obtained  by 
conventional  methods. 

A  more  detailed  study  of  these  relationships  will  be  published 
later.    Thanks  are  due  to  Professor  Eugene  Rabinowitch,  Professor 
Gregorio  Weber,  Professor  Bernard  Abbott  and  Dr.  Ashish  Ghosh  for 
valuable  discussions. 
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LIGHT- INDUCED  RAPID  ABSORPTION  CHANGES  DURING  PHOTOSYNTHESIS. 
II.     430  mp  ABSORPTION  CHANGES  IN  AGED  CHLOROPLASTS  IN  THE 
PRESENCE  OF  PMS  AND  ASCORBATE 

Bacon  Ke 


Chemical  separation  of  two  light  reactions  in  photosynthesis  and  the  re- 
constitution  of  the  reaction  system  with  artificial  reagents  have  been  amply 
demonstrated.    Vernon  and  Zaugg  ^^^  have  shown  that  aged  chloroplasts  which 
had  lost  the  capacity  for  oxygen  evolution  were  able  to  photoreduce  TPN  when 
reduced  DPIP  was  added.    Other  evidence  for  the  chemical  separation  of  two 
light  reactions  has  been  obtained  from  experiments  on  the  relief  of  CMU 
inhibition  of  TPN  reduction  by  ascorbate  and  redox  dyes  ^'^'  and  from  experi- 
ments with  mutants  of  Chlamydomonas  reinhardi  ^^i  and  Scenedesmus  ^^K 

Some  preliminary  observations  on  the  430  m^  absorption  changes  in  aged 
chloroplasts  and  the  response  of  these  absorption  changes  to  ascorbate  and 
PMS  will  be  reported  in  this  note.    In  aged  chloroplasts  the  515  nn^  absorption 
increase  was  either  negligible  or  completely  absent,  indicating  that  the  reac- 
tion associated  with  oxygen  evolution  was  inactivated. 

Rapid  absorption  changes  were  studied  with  an  instrument  basically  simi- 
lar to  that  reported  by  Witt  (^).    Construction  details  of  the  instrument  used 
in  the  present  work  will  be  reported  elsewhere  (6).    Polychromatic  red  (620  - 
720  n^j)  flashes  with  a  duration  of  2  x  10-5  gee  were  used  for  excitation. 
Aging  of  spinach  chloroplast  was  done  at  4°  C  for  one  week.    The  chloroplast 
suspension  usually  contained  about  30  ;ig  chlorophyll  in  a  total  volume  of  3.  0 
ml  0.  1  M  pH  7  phosphate  buffer. 

Whereas  fresh  chloroplasts  do  not  show  any  absorption  change  at  430  m;j, 
at  least  not  under  the  experimental  conditions  and  sensitivity  used  here,  aged 
chloroplasts  show  a  light- induced  absorption  decrease  (Fig.   1,  curve  a).     At 
the  time  resolution  available,  the  rise  time  of  the  signal  was  estimated  to  be 
less  than  10''*  sec,  and  the  half  life  of  decay  was  4  -  5  x  10'     sec. 

The  430  m^  absorption  change  in  aged  chloroplasts  can  be  completely 
abolished  by  2  x  10"^  M  ferricyanide,  but  is  unaffected  by  ferrocyanide  at  a 
concentration  as  high  as  10" '^  M.    In  a  reducing  medium  of  2  x  10"  ^  M  ascor- 
bate, the  absorption  change  was  enhanced  and  the  half  life  was  shortened  to 
2  X  10" '^  sec  (Fig.   1,  curve  b).    The  loss  of  430  m>i  absorption  change  caused 
by  ferricyanide  can  be  fully  restored  by  adding  ascorbate. 

Upon  addition  of  PMS  to  a  concentration  of  3  x  10'  ^  M  to  the  aged 
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FLASH 


0        .1        .2        .3        .4 
TIME, SECONDS 

Fig.   1.     Light- induced  absorption  change  at  430  mp  in: 

a.  week- old  chloroplasts. 

b.  a  +  2  X  10'^  M  ascorbate. 

c.  b  +  3  X  10"  6  M  PMS. 


chloroplasts  already  containing  ascorbate,  the  absorption  change  was  im- 
mediately converted  to  one  composed  of  a  rapidly  decaying  portion  (i/>  10"^ 
sec)  superimposed  on  a  portion  having  the  same  decay  time  as  before  PMS 
addition  (Fig.   1,  curve  c). 

By  varying  the  measuring- beam  wavelength  between  400  and  450  mp,  a 
difference  spectrum  was  obtained  as  shown  in  Fig.   2.    The  spectrum  shows  a 
broad  negative  peak  covering  the  420-430  mja  region  and  a  smaller  positive 
peak  in  the  405  mp  region. 

Examination  at  703  mp  revealed  an  absorption  decrease  with  kinetic  be- 
havior very  similar  to  that  of  the  slow  portion  of  the  430  m;j  change.     No 
rapidly  decaying  portion  was  observed  in  the  703  m;j  absorption  change. 

The  composite  absorption  change  shows  an  interesting  dependency  on  the 
intensity  of  the  excitation  flashes  (Fig.  3).     Starting  from  a  given  saturating 
intensity  (Imax^  ^^^  gradually  decreasing  it,  the  signal  remained  practically 
unchanged  down  to  50%  intensity.     Decreasing  the  intensity  to  below  50%,  the 
rapidly  decaying  portion  started  to  disappear.     Between  30  and  15%  intensity. 
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only  the  slowly  decaying  portion  remained     Below  15%  intensity,  the  slowly 
decaying  portion  also  decreased. 


400        410  420  430  440         450 

WAVELENGTH.  m>i 


Fig.  2.     Difference  spectrum  of  aged 
chloroplasts  in  the  presence  of 
2  X  10-3  M  ascorbate  and  3  x  lO'^  M 
PMS.        ~ 


Fig.   3.     Dependency  of  the  composite  peak  on  illumination  intensity, 
o   total  peak  height. 
•   height  of  the  slowly  decaying  portion. 
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Because  the  430  mp  absorption  change  in  aged  chloroplasts  was  enhanced 
and  its  decay  was  accelerated  by  ascorbate,  and  because  the  absorption 
change  was  abolished  by  ferricyanide,  it  may  be  inferred  that  an  oxidation 
reaction  is  responsible  for  the  absorption  decrease.     Since  the  absorption  de- 
crease occurred  at  both  430  and  703  m^j,  and  the  slowly  decaying  portion  of 
the  430  nryj  absorption  change  and  the  703  m^  absorption  change  have  the  same 
kinetics,  it  is  reasonable  to  assume  that  these  absorption  changes  are  caused 
by  the  oxidation  of  chlorophyll,  probably  the  far- red  absorbing  pigment 
P-700  ^^^ 

The  breadth  and  peak  position  of  the  difference  spectrum  in  Fig.   2  indi- 
cate that  cytochrome  oxidation,  probably  that  of  cytochrome  f,  may  also  be 
partly  responsible  for  the  430  m>i  absorption  change.    Thus, "the  initial  ab- 
sorption decrease  may  be  interpreted  as  being  due  to  photooxidation  of  chloro- 
phyll, part  of  which  rapidly  extracts  electrons  from  cytochrome  f  in  the  pres- 
ence of  ascorbate  and  PMS  at  the  stated  concentrations.    The  light  intensity 
dependency  of  the  composite  curve  suggests  that  the  latter  reaction  occurs 
only  when  the  light  intensity  exceeds  a  certain  level.    Cytochrome  f  then  re- 
reduces  rapidly  in  the  presence  of  PMS  and  chlorophyll  re-reduces~more 
slowly  (by  reduced  cytochrome,  PMS,  ascorbate,  or  endogenous  reductants). 
A  similar  reaction  route  has  recently  been  proposed  by  Witt  and  co-workers 
for  PMS  concentrations  less  than  10"^  M,  but  no  experimental  details  were 
given  ^^'. 

Absorption  decreases  at  430  m^  with  rapid  decay  times  of      ^  10"*  sec 
have  previously  been  reported  by  Moraw  and  Witt  ^^^    The  so-called  "type  O" 
change  has  been  attributed  to  the  tt  -tr*   triplet  state.     The  so-called  "type  1" 
absorption  decrease  has  been  observed  in  many  types  of  algae  containing 
chlorophyll  a  and  consequently  described  as  due  to  the  formation  of  a  chloro- 
phyll a  derivative.    The  "type  1"  signal  was  observed  only  at  high  illumination 
intensities  and  no  saturation  could  be  reached  even  at  extremely  high  inten- 
sity.   Judging  from  these  characteristics,  it  can  be  concluded  that  the  430  mp 
signal  observed  in  the  present  work  is  not  identical  with  either  the  "type  O" 
or  "type  1"  430  m^  signals  reported.     Furthermore,  the  difference  spectra 
for  the  various  types  of  absorption  changes  are  entirely  different. 

In  CMU-  treated  chloroplasts  with  ascorbate  and  PMS  at  concentrations 
similar  to  those  used  here,  Jagendorf  and  Margulies  concluded  from  a  high 
ATP/TPNH  ratio  that  a  cyclic  electron  flow  must  also  have  occurred  in 
addition  to  photoreduction  of  TPN.     It  is  not  known  whether  a  similar  situation 
exists  here,  and  if  so,  what  effect  it  might  have  on  the  transient  absorption 
change.    However,  experiments  on  the  light-induced  430  mji  absorption 
changes  in  the  presence  of  ascorbate  and  PMS  were  conducted  under  both 
aerobic  and  anaerobic  conditions,  and  practically  identical  results  were  ob- 
tained.    Under  anaerobic  conditions  PMS  should  exist  exclusively  in  the  re- 
duced state  in  the  presence  of  excess  ascorbate.    More  extended  and  detailed 
experiments  on  these  absorption  changes  will  be  reported  elsewhere. 
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II.     ELECTRON  TRANSPORT  PATHS  -  BIOCHEMICAL 

INVESTIGATIONS 


THE  ELECTRON  TRANSPORT  SYSTEM  OF  PHOTOSYNTHESIS 
DEDUCED  FROM  EXPERIMENTS  WITH 
MUTANTS  OF  CHLAMYDOMONAS  REINHARDI 

R.   P.    Levine 


INTRODUCTION 

Six  years  have  elapsed  since  Emerson  and  his  coworkers^    '  described  two 
different  types  of  light  effects  in  green  plant  photosynthesis,    and  it  has  been  only 
three  years  since  Hill  and  Bendall  suggested  that  the  electron  transport  system 
of  photosynthesis  could  be  interpreted  in  terms  of  two  distinct  light-dependent 
reactions  coupled  by  at  least  one  light-independent  reaction^^).     Subsequently, 
there  has  been  almost  a  surfeit  of  publications  on  the  two  light  effects  in  photo- 
synthesis; merely  a  brief  reference  to  the  papers  presented  in  this  and  other 
recent  symposia  is  sufficient  to  emphasize  the  impact  that  Emerson's  original 
contribution  has  had  on  contemporary  research  into  the  mechanism  of  photo- 
synthesis^"^"^). 

It  is  indeed  noteworthy  that  at  present  there  is  a  fair  extent  of  uniformity 
among  the  several  schemes  proposed  for  the  electron  transport  system  of  photo- 
synthesis.    However,    the  general  nature  of  the  schemes,    and  the  lack  of  suffi- 
cient data  for  their  support,    makes  it  virtually  impossible  to  accept  or  deny  any 
one  of  them.     The  uniformity  of  most  of  the  popular  schemes  is  a  mixed  blessing, 
for  it  suggests  on  the  one  hand  that  diverse  experimental  approaches  are  leading 
to  a  set  of  final  and  general  conclusions.     On  the  other  hand,    the  specific  and 
significant  details  by  which  these  schemes  differ  suggest  that  there  is  much  to 
learn  before  we  have  a  complete  understanding  of  the  mechanism  of  photo- 
synthesis. 

The  purpose  of  this  contribution  to  the  symposium  is  to  present  data  con- 
cerning reactions  in  the  electron  transport  system  of  photosynthesis  of  the 
unicellular  green  alga,    Chlamydomonas  reinhardi,    as  studied  with  the  wild  type 
strain  and  mutant  strains  that  are  unable  to  carry  out  normal  photosynthesis. 
Furthermore,    these  data  will  be  used  as  the  basis  of  a  model  for  a  sequence  of 
reactions  in  the  electron  transport  system. 

Three  years  ago  we  became  interested  in  the  genetic  control  of  photo- 
synthesis.    The  investigation,    however,    soon  turned  from  one  having  an  orienta- 
tion primarily  of  a  genetic  sort  to  one  more  directly  concerned  with  the  mecha- 
nism of  photosynthesis  per  se.     The  work  was  begun  with  the  aid  of  a  mutant 
strain  of  C .    reinhardi  that  was  unable  to  fix  carbon  dioxide  by  photosynthesis^^). 
It  was  assumed  that  this,    and  other  mutant  strains  isolated  subsequently^ ''  ^>, 
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were  unable  to  carry  out  normal  photosynthesis  because  of  gene  mutation  that 
either; 

1)  affected  the  synthesis  or  activity  of  enzymes  responsible  for  the 
formation  of  components  in  the  electron  transport  system  of  photo- 
synthesis; or, 

2)  affected  the  synthesis  or  activity  of  enzymes  whose  function  lies  in 
synthetic  processes  attending  normal  chloroplast  development;  or, 

3)  affected  the  synthesis  or  activity  of  enzymes  responsible  for  the 
formation  of  components  of  the  reductive  pentose  cycle. 

Clearly,    the  actual  nature  of  the  genetic  block  could  be  any  one  of  the  afore- 
mentioned and  result  in  a  cell's  inability  to  carry  out  normal  photosynthesis. 
Furthermore,    it  was  realized  that  it  might  be  difficult  to  distinguish,    at  least 
on  a  phenotypic  basis,   between  certain  classes  of  mutants  in  view  of  the  intimate 
relationship  between  chloroplast  structure  and  function. 

The  results  and  conclusions  presented  here  derive  principally  from  bio-- 
chemical  experiments  utilizing  chloroplast  fragments  and,    as  such,    they  may 
not  necessarily  reveal  what  happens  in  the  intact  cell  or  chloroplast.     However, 
the  model  presented  here  is  in  substantial  agreement  with  some  of  the  models 
that  have  been  proposed  from  studies  with  whole  cells  or  whole  chloroplasts''^"^^. 


METHODS 

The  methods  we  have  used  for  investigating  the  electron  transport  system 
of  photosynthesis  in  C.    reinhardi  stem  largely  from  the  well  established  tech- 
niques used  with  higher  plants.     A  description  of  the  methods  for  assaying  the 
activity  of  enzymes  related  to  photosynthesis,    as  well  as  the  techniques  for  in- 
vestigating photosynthetic  reactions  by  whole  cells  and  isolated  chloroplast 
fragments  of  C.    reinhardi  have  been  published  (see  principally  references  9-11). 
Details  for  the  procedures  used  in  isolating  and  measuring  the  quantity  of  dif- 
ferent components  of  the  electron  transport  system  of  photosynthesis  have  also 
been  described^  ^2,  13)_     ^^i^  methods  for  investigating  the  electron  spin  reso- 
nance signals  in  C.    reinhardi  have  been  described  elsewhere' ^'^'.     Photo- 
reductionUS)  by  whole  cells  following  adaptation  to  hydrogen  gas  was  measured 
manometrically  as  consumption  of  hydrogen  in  the  light  or  as  carbon  dioxide 
fixation  in  the  light  from  C^^.^abeled  bicarbonate.     The  procedures,   details  of 
which  will  be  published  elsewhere^    "',    are  similar  to  those  used  for 
Scenedesmus(  1  "7). 


GENERAL  DESCRIPTION  OF  THE  MUTANT  STRAINS 

The  mutant  strains  of  C.    reinhardi  used  for  the  experiments  reported 
here  were  derived  from  the  wild  type  strain  (No.    137c)  by  induction  with 
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ultra-violet  light,    followed  by  screening  for  their  inability  to  fix  carbon  dioxide 
in  the  light^'^\     Unlike  the  wild  type  strain,    each  of  the  mutant  strains  will  not 
grow  in  minimal  medium  unless  it  is  supplemented  with  sodium  acetate^^^). 

Four  different  mutant  strains  will  be  considered  here;  namely,    ac-21, 
ac-115,    ac-141,    and  ac-208  (the  symbol  ac  refers  to  acetate  dependence).     With 
the  exception  of  ac-14rand  ac-208,    the  mutants  lie  in  different  linkage  groups. 
Although  ac-14l"and  ac-208"are  linked  they  lie  about  10  map  units  apart  on 
opposite  sides  of  the  "centromere  in  linkage  group  III  (see  references  19  and  20 
for  details  of  the  techniques  of  genetic  analysis).     In  terms  of  current  genetic 
theory,    each  mutation  should  be  located  in  a  different  cistron  or  functional  unit. 
That  is,    each  mutation  most  likely  represents  a  genetic  alteration  that  affects 
the  synthesis  or  activity  of  a  different  enzyme. 

These  mutant  strains,    while  unable  to  fix  carbon  dioxide  by  photosynthesis 
at  the  wild  type  rate,    resemble  wild  type  in  two  important  characteristics. 
First,    electron  microscopy  has  revealed  that  ac-21,    ac-115  and  ac-141  have 
normal  chloroplast  structure^^l);  ac-208  has  not  been  examined.     Second,    there 
are  no  major  differences  in  chlorophyll  content^^^'.     There  are,    however,    minor 
differences  in  carotenoid  content,   but  these  may  be  trivial  in  so  far  as  their 
being  causally  related  to  the  inability  of  the  mutant  strains  to  carry  out  normal 
photosynthesis^  13). 


REACTIONS  OF  THE 
ELECTRON  TRANSPORT  SYSTEM  OF  PHOTOSYNTHESIS 

The  rationale  of  the  experiments  with  the  mutant  strains  of  C.    reinhardi 
is  simply  one  of  inquiring  into  which  known  reactions  of  photosynthesis  whole 
cells  or  isolated  chloroplast  fragments  can  or  cannot  perform,    and  then  attempt- 
ing to  reconstruct  the  sequence  of  reactions  which  best  fits  the  observed  results. 
Thus,    we  are  following,    by  analogy,    one  of  the  classical  procedures  of  bio- 
chemical genetics  to  determine  the  sequence  of  events  as  they  occur  in  a  partic- 
ular biosynthetic  pathway. 

Except  for  recently  obtained  data  pertaining  to  the  mutant  strain  ac-208, 
and  to  both  photoreduction  and  photophosphorylation  as  they  relate  to  wild  type 
and  the  four  mutant  strains,    the  results  summarized  here  are  discussed  in  a 
series  of  publications'"' °"  ^  1'  '■^K 


Carbon  dioxide  fixation  in  whole  cells 
by  photosynthesis  and  photoreduction 

It  has  been  shown  that,    in  comparison  to  the  wild  type  strain,    whole  cells 
of  the  mutant  strains  are  highly  deficient  in  their  ability  to  fix  carbon  dioxide 
by  photosynthesis^^).     The  maximum  rate  of  fixation  by  a  mutant  strain  (ac-21) 
was  about  two  per  cent  of  the  wild  type  rate. 
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Wild  type  cells  fix  carbon  dioxide  by  photoreduction  after  being  adapted 
to  hydrogen  in  the  dark  for  a  period  of  15  minutes.     The  maximuna  rate  of 
photoreduction  was  obtained  at  a  light  intensity  of  about  1500  lux.     At  intensities 
greater  than  2000  lux  the  cells  reverted  to  photosynthesis.     However,    photo- 
reduction was  obtained  at  a  light  intensity  of  10,  000  lux  in  the  presence  of  1  x 
10"^M  DCMU.     At  this  concentration  DCMU  causes  a  99  per  cent  inhibition  of 
photosynthetic  oxygen  evolution  and  carbon  dioxide  fixation. 

At  1500  lux  the  mutant  strains  ac-115  and  ac-141  gave  rates  of  carbon 
dioxide  fixation  and  hydrogen  consumption  comparable  to  the  wild  type  rate, 
whereas  the  rates  of  ac-21  and  ac-208  were  negligible.     The  addition  of  DCMU 
had  little  effect  upon  photoreduction  by  ac-115  and  ac-141,    and  photoreduction 
was  obtained  at  10,  000  lux  in  the  absence  of  DCMU. 

Both  ac-1 15  and  ac-  141  resemble  a  mutant  strain  of  Scenedesmus  de- 
scribed by  Bishop^^"^)  that  can  carry  out  photoreduction  but  does  not  evolve 
oxygen  by  photosynthesis  and  has  no  Hill  reaction  with  p-benzoquinone. 


The  Hill  reaction 


Further  differences  between  the  mutant  strains  were  revealed  in  a  study 
of  the  Hill  reaction  both  by  whole  cells  and  chloroplast  fragments^  \     As 

seen  in  Table  I,    ac-115  and  ac-141  have  no  Hill  reaction  with  a  variety  of  Hill 
oxidants;  ac-21  and  ac-208  show  Hill  reaction  activity,    except  that  the  latter 
does  not  have  activity  when  the  oxidant  is  potassium  ferricyanide. 


Table  I 

Hill  reaction,   TPN  photoreduction,    and  photophosphorylation  by 
wild  type  and  mutant  strains  of  C.    reinhardi 

Hill  reaction*  TPN  reduction*  *       Photophosphorylation***" 

Vitamin        DPIP  & 
Strain  DPIP      Cyt  c      FeCy  a+  b  PMS       K3&FMN    Ascorbate 

wild  type  55.2        28.8         324  35.4       7.8  124  50  8 


ac-21 

54.6 

6.6 

114 

0 

9.0 

0 

0 

ac-115 

0 

0 

0 

0 

13.  8 

112 

30 

ac-141 

0 

0 

0 

0 

22.2 

209 

43 

ac-208 

53.2 

14.  7 

0 

0 

0 

0 

0 

*  fimoles  Hill  oxidant  reduced/hr/mg  chlorophyll 

**      ^imoles  TPNH/hr/mg  chlorophyll 
***  /Ltmoles  Pi  esterified/hr/mg  chlorophyll 

+  a  signifies  TPN  reduction  when  the  source  of  electrons  is  from  water  and 

b  signified  TPN  reduction  when  the  source  of  electrons  is  from  DPIP  and 
ascorbate 
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TPM  photoreduction 

An  investigation  of  TPN  photoreduction  showed  that  all  of  the  mutant 
strains  possessed  an  active  PPNR  and  pyridine  nucleotide  transhydrogenase' ^0^. 
However,    as  shown  in  column  five  of  Table  I,    chloroplast  fragments  from  each 
of  the  mutant  strains  were  ineffective  in  the  photoreduction  of  TPN  in  the 
presence  of  an  excess  of  purified  PPNR  when  the  source  of  electrons  was 
water(9'  10).     On  the  other  hand,    all  strains  except  ac-208  were  capable  of  TPN 
photoreduction  when  the  electron  donor  was  a  catalytic  amount  of  DPIP  in  the 
presence  of  a  substrate  concentration  of  ascorbate'*^'  '^^K 


Photophosphorylation 

Recent  investigations  have  revealed  that  wild  type,    ac-  115,    and  ac-  141 
are  capable  of  carrying  out  cyclic  photophosphorylation  with  PMS,    or  the 
combination  of  vitamin  K3  and  FMN,    as  the  added  electron  carriers  whereas 
ac-21  and  ac-208  are  not  (22),     Since  ac-21  can  photoreduce  TPN  from  DPIP 
and  ascorbate,    it  was  considered  important  to  determine  whether  or  not  TPN 
photoreduction  could  be  accompanied  by  photophosphorylation  in  this  strain. 
The  wild  type  strain  can  carry  out  non-cyclic  photophosphorylation  linked  to 
TPN  reduction  in  this  manner  (Table  1).     Numerous  attempts  with  ac-21,    how- 
ever,   have  failed  to  give  non-cyclic  photophosphorylation,    though  in  each 
instance  there  was  the  expected  rate  of  TPN  reduction. 


Electron  spin  resonance 

Results  of  an  investigation  of  electron  spin  resonance^  1'*'  have  shown 
that  wild  type,    ac-21  and  ac-208  have  the  two  ESR  signals  (I,    the  fast,    narrow 
signal  and  II,    the  slow  broad  signal)  that  are  characteristic  of  Chlorella, 
Chlamydomonas,    and  Scenedesmus'23-25),     However,    signal  II  is  missing  in 
ac-115  and  ac-141.     Signal  I  in  C.    reinhardi  is  light-dependent,    and  has  an 
action  spectrum  that  resembles  the  absorption  spectrum  of  chlorophyll  a. 
Signal  II  occurs  in  the  absence  of  light,    at  least  in  cells  that  have  been  cultured 
in  the  light^^). 


COMPONENTS  OF  THE 
ELECTRON  TRANSPORT  SYSTEM  OF  PHOTOSYNTHESIS 

The  inability  of  any  one  of  the  mutant  strains  to  carry  out  normal  photo- 
synthesis might  be  accounted  for  on  the  basis  of  some  change  in  either  the 
quantity  or  chemical  nature  of  one  of  the  possible  components  of  the  electron 
transport  system.     We  have  analyzed,    in  part,    the  cytochrome  b5,    cytochrome  f, 
plastocyanin,   plastoquinone,    and  carotenoid  content  of  wild  type,    ac  -  2 1 ,   ac-  1 15, 
and  ac-14l(9'  ^2,  13,  26),     Since  we  are  still  engaged  in  these  analyses,    the  data 
presented  here  are  incomplete. 
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Table  11  summarizes  data  regarding  cytochrome  bg,    cytochrome  f,    and 
plastocyanin^^^\     It  can  be  seen  that  there  is  approximately  three  to  four  times 
as  much  cytochrome  £in  ac-115  and  ac-141  as  compared  to  wild  type  and  ac-21. 
The  cytochrome  bg  as"  well  as  the  plastocyanin  content  of  the  strains  is  about 
equal. 


Table  II 

Cytochrome  b   ,    cytochrome  f,    and  plastocyanin  content  of 
wild  type  and  mutant  strains  of  C.    reinhardi 


Cytochrome  content  Plastocyanin  content 

Strain  Cytochrome  bg        Cytochrome  f_ 


moles  chlorophyll /mole  cytochrome  moles  chlorophyll/g  atom  Cu 

wild  type  90  363  500 

ac-2j.  113  489  530 

"^-TTS  154  174  429 

■^-141  100  167  560 


An  analysis  of  the  carotenoid  pigments  in  wild  type,    ac-2j_,    ac-115.    and 
ac-141  has  revealed  similarities  among  the  mutant  strains  which  distinguish 
Them  from  the  wild  type  strain  when  they  are  cultured  in  the  light^l'"^'.     Each 
mutant  strain  has  both  a  lower  carotenoid  content  and  a  lower  beta-carotene/ 
alpha-carotene  ratio  than  light-grown  wild  type.     Interestingly,    both  the  lower 
total  carotenoid  content  and  the  lower  beta- carotene /alpha- carotene  ratio  are 
characteristic  of  wild  type  when  it  is  cultured  in  the  dark.     However,    in  spite 
of  this  similarity  between  the  mutant  strains  and  dark-grown  wild  type,    each 
mutant  strain  has  a  pattern  of  types  and  amounts  of  carotenoids  that  distin- 
guishes it  from  the  other  mutant  strains  and  from  both  light-  and  dark-grown 
wild  type. 

The  initial  investigation  of  plastoquinone  in  wild  type,    ac-2  1,    ac-  1 15, 
and  ac-141   revealed  that  both  ac-1  15  and  ac-_14J_  have  five-fold  less  plastoquinone 
than"wild  type  and  ac-2J_^^'  ^^K     This  investigation  preceded  the  important  dis- 
covery of  Crane  and~his~ coworkers  in  which  it  was  demonstrated  that  several 
different  plasto-  and  tocopherylquinones  could  be  extracted  from  spinach 
chloroplasts^27,  29)_     Accordingly,    our  original  data  for  wild  type  and  the 
mutant  strains  (Table  III)  were  representative  of  a  combination  of  quinones, 
and  most  likely  some  of  the  quinones  were  missing  because  of  the  extraction 
procedure  used.     We  have  recently  undertaken  a  more  extensive  analysis  of 
the  quinones  of  C.    reinhardi,    and  it  has  revealed  a  variety  of  both  plasto-  and 
tocopherylquinones  similar  to  those  found  in  spinach. 
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Table  III 


Plastoquinone  content  of  wild  type  and 
mutant  strains  of  C.    reinhardi 


Strain  Moles  chlorophyll /mole  plastoquinone 

wild  type  15 

ac-2j_  30 

ac-115  99 

ac-141  "74 


DISCUSSION 

Each  of  the  four  mutant  strains  of  C.    reinhardi  under  consideration  is 
unable  to  carry  out  normal  photosynthesis  because  some  portion  of  the  electron 
transport  system  does  not  function.     This  loss  of  function  results  from  the  mu- 
tation of  either  a  structural  or  regulatory  gene.     The  expression  of  this  muta- 
tion is  seen  experimentally  as  a  block  in  photosynthesis,    and  the  term  block 
will  be  used  to  describe  the  point  or  points  at  which  the  electron  transport 
system  is  stopped.     It  is  assumed  that  in  each  mutant  strain  the  genetic  change 
affects  an  enzyme  that  is  at  least  indirectly  concerned  with  the  electron  trans- 
port system.     The  term  block,    however,    is  not  meant  to  imply  a  knowledge  of 
the  specific  enzymes  involved.     Furthermore,    a  single  mutation  could  result 
in  a  block  at  more  than  one  point.     If,   for  example,    two  components  of  the  sys- 
tem are  formed  as  part  of  the  same  biosynthetic  pathway,    a  mutation  that  af- 
fects some  common,    early  step  in  their  biosynthesis  could  result  in  the  loss 
of  both  components  and,    consequently,    the  system  would  be  blocked  at  two 
different  points.     In  addition,    the  loss  of  some  single  component  might  result 
not  only  in  a  block  within  the  electron  transport  system  but  in  the  coupling  of 
photophosphorylation  to  the  system  as  well. 

The  initial  model  proposed  for  the  electron  transport  system  of  photo- 
synthesis  in  C.    reinhardi<9/  was  based  upon  the  hypothesis  of  Hill  and  Bendall 
that  there  are"  two  different,    light-dependent  reactions  coupled  by  at  least  one 
light-independent,    exergonic  reaction.     According  to  this  model,    and  using  the 
terminology  of  Duysens,    light  absorbed  by  system  II  results  in  the  oxidation  of 
water  coupled  to  the  formation  of  a  photoreductant;  light  absorbed  by  system  I 
results  in  the  formation  of  a  photo-oxidant  and  the  reduction  of  TPN.     Overall, 
the  photoreductant  produced  in  system  II  is  oxidized  by  the  photo-oxidant  pro- 
duced in  system  I. 

The  model  to  be  discussed  here  (Fig.    1)  retains  the  general  features  of 
the  one  presented  earlier^^)^     It  has  gained  additional  support  from  recent 
studies  of  the  mutant  strains  of  C.    reinhardi.     As  further  experiments  are 
performed,    and  other  mutant  strains  studied,    the  details  of  the  model  may 
change.     This  is,    therefore,    only  a  working  model,    but  it  most  nearly 
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Figure  1.     A  Model  of  the  Electron  Transport  System  of  Photosynthesis  in 
C.    reinhardi  as  Deduced  from  an  Investigation  of  Four  Mutant  Strains. 

(See  text  for  explanation) 


accommodates  the  facts  we  have  obtained  so  far.    and  we  believe  it  contains  the 
least  number  of  assumptions.     Quite  clearly,    the  model  is  not  unique,    for  it 
draws  heavily  upon  findings  of  other  investigators  whose  approach  has  been 
somewhat  different  from  ours. 


Two  light-dependent  reactions  and  at  least 
one  light -independent  reaction 

Evidence  for  the  two  different  light-dependent  reactions  of  C.    reinhardi 
shown  in  the  model  comes  from  results  of  experiments  with  all  four  mutant 
strains.     All  of  the  data  obtained  for  ac-115  and  ac-Ul^^'  ^^'  are  consistent 
with  the  hypothesis  that  these  two  strains  are  blocked  in  a  reaction  associated 
with  system  IL    in  which  a  photoreductant  is  produced  coupled  with  the  oxidation 
of  water.     Chloroplast  fragments  obtained  from  these  strains  showed  no  Hill 
reaction  activity  and  were  unable  to  photoreduce  TPN.     It  was  predicted  that 
if  the  block  were  only  in  system  IL    chloroplast  fragments  could  carry  out  the 
photoreduction  of  TPN  if  a  reductant  were  supplied  implying  that  system  1  was 
able  to  function  in  these  two  strains.     This  prediction  was  borne  out  when  it 
was  shown  that  chloroplast  fragments  of  ac-115  and  ac-141  could  photoreduce 
TPN  from  DPIP  and.  ascorbate.     In  this  respect  both  strains  resemble  wild 
type  which  has  been  inhibited  with  DCMU  or  o-phenanthroline,    for  under  these 
conditions  wild  type  chloroplast  fragments  can  photoreduce  TPN  in  the  presence 
of  DPIP  and  ascorbate. 

Further  confirmation  of  the  ability  of  these  two  mutant  strains  to  carry 
out  part  of  the  photosynthetic  electron  transport  was  obtained  when  it  was  es- 
tablished that  both  were  able  to  do  cyclic  photophosphorylation  with  PMS  and 
to  fix  carbon  dioxide  by  photoreduction. 
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It  was  also  demonstrated  that  both  ac-115  and  ac-141  had  retained  the 
sharp,    fast  ESR  signal  but  that  the  slow,    broad  signal  was  missing.     The  former 
signal  has  been  attributed  to  a  long  wave  length  form  of  chlorophyll  a  such  as 
P- 700^25,  30)^    whereas  the  latter  signal  may  be  associated  with  chlorophyll  b, 
for  this  signal  is  absent  in  a  chlorophyll  b-less  mutant  of  Chlorella^23)_     j^  the 
case  of  ac-115  and  ac-141  it  is  tempting  to  correlate  the  absence  of  this  signal 
with  the  inability  of  these  mutant  strains  to  carry  out  a  reaction  in  system  II. 

In  contrast  to  both  ac-115  and  ac-141,  ac-208  has  Hill  reaction  activity 
with  all  of  the  Hill  oxidants  tested  except  ferricyanide,  and  yet  it  cannot  photo- 
reduce  TPN  from  DPIP  and  ascorbate.  These  results  suggest  that  the  block  in 
ac-208  lies  at  a  side  in  the  system  subsequent  to  the  point  of  entry  of  electrons 
TFom  DPIP  and  ascorbate.  The  block  could  lie  in  system  I.  However,  there  is 
no  direct  evidence  for  this,    and  ac-208  has  both  ESR  signals. 

The  two  light-dependent  reactions  occur  in  ac-21.     However,    they  must 
be  coupled  by  at  least  one  light-independent  reaction  which  is  blocked  in  this 
mutant  strain.     A  photoreductant  is  produced  by  system  II  in  ac-21  as  evidenced 
by  the  fact  that  there  is  Hill  reaction  activity.     However,    this  photoreductant 
apparently  cannot  be  utilized,    for  DPIP  and  ascorbate  must  be  provided  in  order 
to  obtain  TPN  photoreduction.     These  results  can  be  best  explained  by  assuming 
that  a  block  lies  in  a  light-independent  reaction  between  systems  I  and  II.     This 
explanation  is  supported  by  the  observation  that  both  ESR  signals  are  generated 
in  cells  of  ac-21.     Thus,    inasmuch  as  the  two  different  ESR  signals  may  reflect 
systems  I  and  IL    the  mutant  strain  is  identical  to  wild  type. 

Both  ac-21  and  ac-208  pose  some  interesting  questions  regarding  the  site 
of  action  of  ferricyanide  into  the  electron  transport  system  of  C^.    reinhardi. 
Witt,   Miiller,    and  Rumberg^"^^)  suggest  that  ferricyanide  belongs  to  a  group  of 
oxidants,    termed  ox  Sj,    whose  reduction  is  associated  with  the  oxidation  of  Chlj. 

Accordingly,    any  block  in  the  electron  transport  system  of  C.    reinhardi  lying 
at  a  site  after  system  II  should  result  in  the  absence  of  a  Hill  reaction  with 
ferricyanide.     Thus,    since  ac-21  and  ac-208  are  blocked  after  system  II,    neither 
of  them  should  have  a  Hill  reaction  with  ferricyanide.     This  is  contrary  to  our 
observations,    for  ac-21  does  have  Hill  reaction  activity  with  this  oxidant, 
albeit  at  a  rate  that  is  about  three  times  lower  than  that  of  wild  type.     It  is  con- 
ceivable that  the  Hill  reaction  with  ferricyanide  could  proceed  via  system  II 
alone  in  ac-21.     If  this  assumption  is  made,    however,    it  would  be  expected  that 
ac-208  would  also  give  a  Hill  reaction  with  ferricyanide.     Of  course,    the  dilemma 
with  ac-208  could  be  avoided  by  making  the  second  assumption  that  there  are 
two  blocks  in  ac-208;  namely,    that  there  is  a  block  in  electron  transport  be- 
tween the  poirvTof  entry  of  electrons  from  DPIP  and  the  reduction  of  TPN,    and 
that  ac-208  lacks  a  component  of  the  electron  transport  system  unique  to  the 
ferricyanide  Hill  reaction. 

These  ad  hoc  assumptions,   however,    should  not  be  considered  significant 
in  the  absence  of  experimental  evidence.     If  the  Hill  reaction  with  ferricyanide 
in  ac-21  proceeds  from  system  II  alone  then  its  action  spectrum  might  be  dif- 
ferent from  that  obtained  with  wild  type.     We  have  recently  begun,    in  collaboration 
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with  G.   Gingras,    measurements  of  the  action  spectrum  of  the  ferricyanide  Hill 
reaction  by  chloroplast  fragments  of  both  wild  type  and  ££-^-     These  measure- 
ments,   obtained  with  the  aid  of  an  oxygen  electrode,    have  revealed  so  far  that 
the  action  spectrum  for  wild  type  is  very  similar  to  the  action  spectrum  for 
photosynthetic  oxygen  evolution  by  whole  cells. 


Photophosphorylation 

Additional  important  information  for  the  design  of  the  model  was  obtained 
from  an  investigation  of  photophosphorylation  by  wild  type  and  the  four  mutant 
strains. 

Photophosphorylation  has  been  studied  in  wild  type  in  several  different 
ways(ll).     Cyclic  photophosphorylation  was  obtained  with  either  PMS  or  the 
combination  of  vitamin  K3  and  FMN  as  electron  carriers.     Cyclic  photophos- 
phorylation with  PPNR^-^^)  has  not  been  tested.     Non-cyclic  photophosphoryla- 
tion coupled  to  the  photoreduction  of  TPN  was  found  to  occur  with  either  water 
or  DPIP  and  ascorbate  as  the  reductant.     However,    non-cyclic  photophos- 
phorylation coupled  to  ferricyanide  reduction  could  not  be  demonstrated. 

The  ratio  of  one  ATP  produced  per  two  electrons  transferred  during  non- 
cyclic  photophosphorylation  in  C.    reinhardi  suggests  that  there  is  only  one  site 
for  non-cyclic  photophosphorylation.     Furthermore,    in  agreement  with  Losada, 
Whatley,    and  Arnon^"^'^),    non-cyclic  phosphorylation  lies  at  a  point  after  the 
entry  of  electrons  from  DPIP  and  ascorbate  into  the  electron  transport  system. 

In  the  model  for  electron  transport  in  C.    reinhardi  under  consideration 
here,    the  site  for  photophosphorylation  has  been  placed  tentatively  between  X 
(a  component  of  the  electron  transport  system  and  the  assumed  point  of  entry 
of  electrons  from  DPIP  and  ascorbate)  and  cytochrome  f.     A  photophosphoryla- 
tion at  this  site  would,    accordingly,    be  coupled  to  the  oxidation  of  a  reduced  X 
and  the  reduction  of  an  oxidized  cytochrome  f.     Recently,    Forti,    Bertole,    and 
Parisi^'^'*)  have  shown  that  photophosphorylation  in  spinach  chloroplasts  can  be 
coupled  to  the  reduction  of  cytochrome  f  and  that  the  stoichiometry  is  one  ATP 
produced  per  two  electrons  transferred.     It  has  also  been  shown  that  cyto- 
chrome f  can  be  oxidized  by  system  l(35-37)_     Further,    in  Anacystis  nidulans(35) 

cytochrome  f  can  be  reduced  by  system  II. 

Cyclic  photophosphorylation  with  either  PMS,    or  the  combination  of 
vitamin  K3  and  FMN,    was  obtained  only  with  the  mutant  strains  ac-1 15  and 
ac-14I.     This  indicates  that  the  cyclic  pathway  enters  the  electron  transport 
system  after  the  block  in  these  two  strains  and,    accordingly,    does  not  depend 
upon  a  photoreductant  produced  in  system  II.     The  fact  that  neither  ac-2_l^  nor 
ac-208  gave  cyclic  photophosphorylation  supports  the  contention  that  these 
strains  are  blocked  at  sites  after  the  point  of  entry  of  the  cyclic  pathway  into 
the  electron  transport  system. 
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Since  ac-21  can  photoreduce  TPK  fronn  DPIP  and  ascorbate  it  was 
assumed  thaTT  like  wild  type,    it  would  also  carry  out  photophosphorylation  with 
DPIP  and  ascorbate;  thus,    it  would  be  possible  to  localize  the  block  in  this 
mutant  strain  to  a  position  before  the  site  of  entry  of  electrons  from  DPIP  and 
ascorbate.     As  mentioned  earlier  it  has  thus  far  been  impossible  to  obtain 
photophosphorylation  in  this  manner  with  ac-2J.  even  though  TPN  is  reduced. 

There  are  several  ways  one  may  interpret  the  results  obtained  with  ac - 2  1 . 
First,    it  might  be  assumed  that  there  is  a  block  between  X  and  cytochrome  f, 
and  in  order  to  obtain  TPN  photoreduction  from  DPIP  and  ascorbate,    electrons 
from  these  donors  must  enter  the  system  at  a  point  after  X  and  the  site  of 
phosphorylation.     This  might  be  at  cytochrome  £or  at  Chlj.     Second,    the  block 
might  be  in  the  formation  of  X  itself;  it  may  be  either  lacking,    deficient,    or 
inactive.     Once  again,    in  order  to  explain  TPN  photoreduction  from  DPIP  and 
ascorbate,    the  electrons  would  have  to  enter  at  some  alternate  site.     Third,    X 
might  be  essential  for  both  electron  transport  and  for  the  coupling  of  phos- 
phorylation to  the  electron  transport  system.     Consequently,    if  X  were  lacking, 
deficient,   or  inactive  in  ac-22^  both  electron  transport  and  phosphorylation  would 
be  blocked. 


Photoreduction  and  cyclic  photophosphorylation 

A  mechanism  exists  in  C.    reinhardi  for  the  production  of  ATP  independ- 
ently from  the  oxygen  evolving" pathway  of  photosynthesis.     Wild  type  cells  can 
fix  carbon  dioxide  by  photoreduction  in  the  presence  of  a  concentration  of  DCMU 
that  almost  completely  inhibits  both  photosynthetic  oxygen  evolution  and  carbon 
dioxide  fixation.     Photoreduction  also  occurs  in  cells  of  ac-115  and  ac-141  where 
the  oxygen  evolving  pathway  is  blocked  as  a  consequence  of  mutation.     Both  of 
these  mutant  strains  were  also  found  to  carry  out  cyclic  photophosphorylation 
with  PMS,    thus  confirming  the  finding  of  several  investigators  that  photophos- 
phorylation with  PMS  is  independent  of  the  oxygen  evolving  pathway. 

These  results  suggest  that  ATP  is  generated  during  photoreduction  by  a 
process  of  cyclic  photophosphorylation,    and  photoreduction  in  C.    reinhardi, 
therefore,   may  be  similar  to  bacterial  photosynthesis.     That  is,    a  hydrogenase 
acts  to  reduce  TPN  by  a  light-independent  reaction  and  ATP  is  produced  via 
cyclic  phosphorylation.     However,    the  possibility  that  the  hydrogenase  may 
provide  electrons  for  the  production  of  ATP  by  a  non-cyclic  photophosphoryla- 
tion cannot  be  excluded. 


Cytochrome  f  and  quinones 

Among  the  possible  components  of  the  electron  transport  system  in 
C.    reinhardi,   the  quinones  and  cytochrome  £are  the  only  ones  for  which  marked 
quantitative  differences  have  been  foundn2).     xhe  low  level  of  plastoquinone  in 
both  ac-115  and  ac-141  is  of  particular  interest.     The  plasto-  and  tocopheryl- 
quinolies  have  be'eii  implicated  in  photosynthesis  because  they  are  localized  in 
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chloroplasts(38)  and  undergo  reduction  in  chloroplasts  in  the  light' •^^"^^'.     Fur- 
thermore,   it  has  been  shown  that  they  are  essential  for  the  Hill  reaction^ 2''  41-45)^ 
the  photoreduction  of  TPlsK^^),    and  for  cyclic  photophosphorylation(47,  48),     Thus, 
it  appears  that  different  plasto-  and  tocopherylquinones  may  function  at  different 
sites  in  the  electron  transport  system. 

The  low  plastoquinone  content  of  both  ac-1 15  and  ac-141  is  not  sufficient 
to  account  for  the  complete  absence  of  a  Hill  reaction  in  these  strains,    at  least 
on  the  basis  of  the  results  obtained  by  Bishop^^^'  for  sugar  beet  chloroplasts. 
However,    it  is  possible  that  these  two  mutant  strains  lack  or  are  deficient  in  a 
specific  plasto-  or  tocopherylquinone  that  functions  at  a  site  associated  with 
system  II  and  the  oxygen  evolving  portion  of  the  system,    whereas  the  quinones 
that  remain  act  at  some  different  site  or  sites. 

The  cytochrome  f  content  of  both  ac-1 15  and  ac-14n  ^2)  ^g  about  three  to 
four  times  greater  than  that  of  wild  type  and  ac-21.     Coupled  with  this  increase 
there  is  at  least  a  doubling  of  the  rate  of  TPN  reduction  from  DPIP  and  ascorbate 
(Table  I),    and  also  in  cytochrome  photo-oxidase  activity(  10).     These  observa- 
tions are  consistent  with  the  idea  of  Hill  and  Bendall'^)  that  cytochrome  £is  in- 
volved with  system  I,    and  with  the  observations  of  the  light -dependent  oxidation 
of  cytochrome  f  in  algae  by  system  l(35-37). 


CONCLUSIONS 

Though  our  model  for  the  electron  transport  system  of  photosynthesis  in 
C.    reinhardi  lacks  complete  documentation,    it  most  easily  accommodates  the 
observations  that  have  been  made  with  the  wild  type  and  four  mutant  strains. 
All  of  the  data  presented  are  consistent  with  a  model  for  electron  transport  in 
which  there  are  two  light-dependent  reactions  separated  by  at  least  one  light- 
independent  reaction.     The  data  suggest  that  there  is  a  single  site  for  non- 
cyclic  photophosphorylation,    aAd  that  cyclic  photophosphorylation  can  occur 
independently  of  the  oxygen  evolving  portion  of  the  system.     In  addition,    one 
or  more  plasto-  or  tocopherylquinones  may  play  an  integral  role  in  the  electron 
transport  system. 

The  model  presented  here  has  the  advantage  of  providing  several  predic- 
tions that  can  be  tested  experimentally.     For  example,    if  ac- 2J_  lacks  compo- 
nent X  (Fig.    1),    then  it  should  be  possible  to  detect  the  oxidation  of  cytochrome  £ 
by  system  I  but  not  its  reduction  by  system  II.     Further,   both  ac-  115  and  ac-141 
may  show  the  oxidation  of  cytochrome  f  in  the  light  followed  by  its  reduction  in 
the  dark(35).     in  contrast,    if  the  block  in  ac-208  lies  in  system  I  the  mutant 
strain  would  be  expected  to  show  the  reduction  of  cytochrome  £by  system  II 
but  not  its  oxidation  by  system  I. 

In  addition  to  testing  predictions  such  as  these,    the  use  of  the  mutant 
strains  provides  an  opportunity  to  search  for  the  function  of  different  possible 
components  of  the  electron  transport  system,    for  as  mentioned  at  the  outset 
of  this  discussion,    mutations  may  have  occurred  at  gene  loci  that  affect  the 
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biosynthesis  of  some  of  these  components.     The  establishment  of  the  loss  or 
alteration  of  any  one  component  in  a  given  strain,    taken  in  conjunction  with  what 
we  have  learned  about  the  strain's  loss  of  photosynthetic  reactions,    can  provide 
strong  evidence  for  the  function  of  such  a  component. 

Clearly,    we  have  merely  commenced  an  extensive  series  of  investigations, 
for  we  have  by  no  meams  exhausted  all  of  the  opportunities  for  different  kinds  of 
experiments  with  the  four  mutant  strains,    and  we  have  yet  to  investigate  in  any 
detail  some  15  additional  mutant  strains. 
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EFFECTS  OF  QUINONES  AND  OXYGEN  IN  THE  ELECTRON  TRANSPORT 

SYSTEM  OF  CHLOROPLASTS 


Achim  Trebst,    Herbert  Eck  and  Sieglinde  Wagner 


Quinones  always  played  a  major  role  in  new  developments  in  extracellular 
photosynthesis  with  isolated  chloroplasts .     After  Hill  had  demonstrated  oxygen 
evolution  accompanying  the  photosynthetic  reduction  of  ferric  salts  by  chloro- 
plasts(l),    Warburg  introduced  p-benzoquinone  and  naphthoquinone-sulfonate  as 
Hill  reagents(^).     In  the  discovery  of  photosynthetic  phosphorylation  by  Arnon 
it  became  soon  apparent  that  vitamin  K3   =  methylnaphthoquinone  is  one  of  the 
most  effective  cofactors(-^).     When  the  role  of  a  new  class  of  natural  benzoqui- 
nones  in  oxidative  phosphorylation  of  mitochondria  (the  ubiquinones)  was  investi- 
gated.  Crane  also  found  a  similar,  but  somewhat  different  endogenous  quinone 
in  chloroplasts  (plastoquinone)(4)  and  Bishop  showed  its  importance  in  the  pho- 
tosynthetic reduction  of  ferricyanide  by  chloroplasts^^'.     Quinones  are  there- 
fore involved  in  the  two  principal  photosynthetic  reactions  of  chloroplast  frag- 
ments—Hill reaction  and  photosynthetic  phosphorylation— in  two  ways:     as  added 
substrate  or  cofactor  and  as  an  endogenous  component  of  the  electron  transport 
chain. 


1 .     Quinones  as  substrates  for  the  Hill  reaction 

Numerous  compounds  have  been  tested  and  found  suitable  as  Hill  reagents, 
It  does  not  seem  surprising,    that  organic  compounds,   functioning  as  Hill  rea- 
gents,  have  a  quinoid  structure,    since  this  is  the  one  most  easily  reduced. 
Aronoff  and  Wessels  in  1952  investigated  the  photosynthetic  reduction  of  a  num- 
ber of  substituted  benzo-  and  naphthoquinones  by  chloroplasts  in  relation  to 
their  redoxpotentials'""  ' ' .     Wessels  observed  no  reduction  of  compounds  with 
a  redoxpotential  more  negative  than  -loo  mV.     When  Arnon  had  shown  that  the 
Hill  reaction  with  ferricyanide  or  TPN  was  coupled  to  a  stoichiometric  ATP 
formation  according  to  the  equation^"' 

X  +  H^O  +  ADP  +  P. XH^   +   1/2  O^   +  ATP 

2  1  2  ^ 

.    (9) 

it  seemed  desirable  to  investigate  the  behavior  of  benzoqumones  again 

Table  1   shows  the  reduction  of  a  number  of  substituted  p-benzo-,    naphtho- 
and  anthraquinones  in  nitrogen  by  illumination  with  broken  chloroplasts.     Oxy- 
gen evolution  as  well  as  coupled  ATP  formation  was  measured. 
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The  table  indicates,   that  in  the  presence  of  all  quinones  ATP  is  formed, 
which  in  most  cases  is  accompanied  by  oxygen  evolution.     It  seems  safe  to  con- 
clude,  that  substituted  benzoquinones  can  be  used  as  Hill  reagents  and  that  their 
reduction  is  coupled  to  ATP  formation.     The  non-cyclic  type  of  photophosphoryla- 
tion(8)  can  be  generalized  to  probably  all  Hill  reagents. 

However,    as   seen  in  table   1,    stoichiometry  between  oxygen  evolution  and 
ATP  formation  is  usually  not  obtained.     With  falling  redoxpotential  of  the  qui- 
none,    oxygen  evolution  is  lagging  behind  ATP  formation;  when  the  redoxpotential 
is  approaching  zero  V,    no  oxygen  is  evolved  at  all.     This  is  in  agreement  with 
the  results  of  Wessels^^^     The  reason  for  this  seems  easy  to  understand.     The 
more  negative  the  redoxpotential,   the  more  autoxidizable  is  the  hydroquinone. 
Therefore  the  oxygen  evolved  in  the  reduction  of  the  quinone  is  reacting  back 
with  the  hydroquinone  formed.     This  was  already  suggested  by  Wessels^       as 
possible  explanation  for  his  failure  to  observe  reduction  of  compounds  with  a 
redoxpotential  below  -loo  mV.     That  such  backreactions  occur,    can  now  be  seen 
by  the  formation  of  ATP  without  any  measurable  (by  manometric  techniques) 
oxygen  evolution.     The  experiments  in  table   1  have  been  performed  in  nitrogen; 
apparently  the  small  concentration  of  oxygen  formed  is   sufficient  to  react  with 
the  hydroquinone  formed.     Therefore  oxygen  as  well  as  the  quinone/hydroquinone 
couple  are  then  cycling. 


substrate 


^atoms  O 
evolved 


^moles  ATP 
formed 


ferricyanide 

p  -b  enz  oquinone 

toluquinone 

2  ,  3  -dimethyl-p-benz oquinone 

2  ,  5-dimethyl-p-benz oquinone 

trimethylbenz  oquinone 

2 ,  6-dimethoxy-p-benz oquinone 

2  ,  6 -dimethoxy-methylbenz oquinone 

2-hydroxy-benzoquinone-5-propionate 

2  -methyl-naphthoquinone 

phthiokol 

anthraquinone-2- sulfonic  acid 


o.l 

5.0 

5,8 

4.4 

5.1 

3,9 

4.1 

3,3 

2,6 

o,l 

o 

o 

o 


o,3 

4,8 

2,8 

2  93 

3,o 

237 

3,1 

177 

3,9 

176 

5,1 

lo2 

5,4 

53 

5,1 

51 

2,5 

27 

7,4 

-lo 

6,1 

-18o 

7,1 

-25o 

Table   1:      Quinones  as  Hill  reagents 

Illumination  for   15  min  at   15°  with  3  5ooo  Lux  in  nitrogen.     Each 
vessel  contained  in  /imoles:     trisbuffer  p      8,o  8o;  MgCl2   5;  ADP  lo; 
Pj^   lo;  quinone  5  or  ferricyanide   lo;  and  broken  chloroplasts  (Pj^^j^) 
with  o,3  chlorophyll  in  a  total  volume  of  3  ml. 
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2 .     Quinones  as  cofactors  of  cyclic  photophosphorylation 

If  the  added  components  of  the  system  are  cycling,    no  substrate  amounts 
of  a  quinone  should  be  required.     Indeed,    all  tested  substituted  o-  and  p-benzo- 
quinones  are  cofactors  of  a  cyclic  photophosphorylation^'':     by  illuminating 
chloroplasts  with  catalytic  amounts  of  a  quinone  (or  hydroquinone)  ATP  is  formed 
(table  2  and  3).     Since  ATP  formation  with  benzoquinones  in  catalytic  amounts 
occurs  only  in  the  presence  of  oxygen'^',    this  has  to  be  called  an  aerobic  or 
pseudocyclic  photophosphorylation. 


o,  1  /imol  cofactor  added  /imoles  ATP  formed 


chlorogenic  acid  8,2 

caffeic  acid  8,1 

dihydroxyphenylalanin  (DOPA)  7,8 

dihydroxyphenylethylamin  (Dopamin)  8,6 

catechol  6,3 

vitamin  K_  6,4 


Table  2:       o-Hydroquinones  as  cofactors  of  aerobic  photophosphorylation 
(conditions  as  in  table   1,    15  min  light  in  air). 

The  term  pseudocyclic  was  introduced  by  Arnon'    '-''  to  distinguish  an  oxygen 
dependent  photophosphorylation  from  true  oxygen  independent  cyclic  photo- 
phosphorylation.    In  aerobic  (pseudocyclic)  photophosphorylation  the  cofactor 
is  first  reduced  in  a  coupled  Hill  reaction.     The  reduced  cofactor  is  then  re- 
oxidized  by  oxygen. 

Q  +  H^O  +  ADP  +  P. -QH_,   +  ATP  +   1/2  0_ 

2  1  2  i. 

QH^  +  1/2  O^ ►Q  +  H^O 

sum:  ADP  +  P. ►ATP 

1 

The  higher  efficiency  of  certain  cofactors  of  photophosphorylation  in  an 
atmosphere  of  air  or  oxygen  has  been  observed^      ~      '  .     All  oxidizable  com- 
pounds,  whose  oxidized  form  can  act  as  Hill  reagent  have  to  be  included  in  the 
list  of  cofactors  of  aerobic    photophosphorylation,    among  them  numerous  o-  and 
p-  hydroquinones  ,    sonne  of  which  are  mentioned  in  tables  2  and  3. 

Substituted  p-  and  o-benzoquinones ,    in  catalytic  amounts  are  not  active 
as  cofactors  of  true  cyclic  photophosphorylation  in  an  atmosphere  of  nitrogen'"'. 
But  a  number  of  naphtho-  and  anthraquinones  are  effective  in  nitrogen^^  '  "' . 
Such  ATP  formation  independent  of  oxygen  was  discovered  by  Arnon  and  later 
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o 

5 

1.7 

o 

1 

1.2 

o 

4 

1.3 

o 

1 

4.7 

o 

8 

3.5 

o 

2 

4.3 

o 

4 

5.7 

o 

6 

6,7 

o 

1 

4.9 

2 

o 

4.7 

4 

3 

6,8 

6 

7 

lo,  o 

5 

o 

5.0 

redoxpotential  fxmol  ATP 

o,  1  fxmol  cofactor  added  (E     in  mV)                          formed  in 

^________ N2         air 

p-benzoquinone  293 

2,3-dimethoxy-p-benzoquinone  198 

2 , 3-diniethyl-p-benzoquinone  177 

2  ,  5-benzoquinone-diacetic  acid  167 

2  ,  3  -dinnethoxy-methylbenzoquinone  151 

1 .  4-naphthoquinone- sulfonic  acid  118 

2 , 6-diniethoxy-benzoquinone  53 

phenanthrenquinone  28 

2 -hydroxy-benzoquinone -propionate  27 

vitamin  K3  -  1  o 

2 -hydroxy -naphthoquinone  -154 

phthiokol  -I80 

anthraquinone-2 -sulfonic  acid  -25o 


Table  3:      Quinones  as  cofactors  of  photophosphorylation  in  nitrogen  and  in 
air  (conditions  as  in  table   1), 

termed  cyclic  photophosphorylation^    '  ,    to  distinguish  it  from  phosphorylation 
accompanying  non-cyclic  electron  flow  in  the  Hill  reaction,   which  was  discussed 
above.     However,    Arnon  has  surmised  that  the  phosphorylating  step  is  identical 
in  the  two  systems' ^°'.     In  the  truly  cyclic  electron  flow,    the  reduced  cofactor 
cannot  be  reoxidized  by  oxygen  (being  absent)  ,   but  is  presumably  reoxidized  by 
a  component  of  the  endogenous  electron  transport  chain  of  chloroplasts^      '  . 
Since  the  switching  from  aerobic  to  cyclic  photophosphorylation  occurs  with  co- 
factors  with  a  redoxpotential  around  and  below  zero'9)  (table  3  see  also  (^6  and 
'),    one  might  conclude,   that  the  endogenous  oxidizing  component  has  a  redox- 
potential of  about  zero  volt.     Two  endogenous  compounds  of  chloroplasts ,    as  far 
as  discovered,    have  such  a  redoxpotential:     plastoquinone  and  cytochrome  b^ . 
It  is  interesting,   that  Kamen  also  found  an  optimum  in  bacterial  photophosphory- 
lation at  a  redoxpotential  of  zero  volt(19) 

The  conclusion,    that  a  true  cyclic  photophosphorylation  is  possible  in 
broken  chloroplasts,    has  been  questioned  because  stimulation  of  photophos- 
phorylation (with  suboptimal  cofactor  concentrations)  by  oxygen  has  been  ob- 
served.    Also,    isotope  experiments  showed  fast  O2 -exchange  between  air  and 
water  in  cyclic  photophosphorylation  with  Sonne  of  the  original  cofactors'^o). 
However,    all  this  shows  is  that  the  reduced  cofactor  of  cyclic  photophosphoryla- 
tion is  preferentially  reacting  with  oxygen,    if  present,    rather  than  with  the  en- 
dogenous oxidizing  component  in  the  chloroplasts.     Whereas  oxygen  is  able  to 
react  with  very  small  amounts  of  a  hydroquinone,    a  certain  concentration  of  the 
cofactor  of  true  cyclic  photophosphorylation  has  to  be  used  to  saturate  the  re- 
action with  the  endogenous  oxidizing  component  of  the  chloroplasts.     Also,    a 
certain  specifity  in  the  constitution  of  a  cofactor  of  cyclic  photophosphorylation 
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should  be  expected  (whereas  almost  any  redox-catalyst  will  be  active  in  the 
presence  of  oxygen).     Inhibition  studies  with  low  concentrations  of  DCMU  and 
KCN(^^'^^' ^^)  and  the  separation  of  a  cyclic  photophosphorylation  system 
from  the  oxygen  evolution  system^^-^),    seems  to  support  strongly  the  view, 
that  true  cyclic  photophosphorylation  exists,    at  least  when  vitamin  K3  or  PMS 
as  cofactors  are  used.     Of  course,    this  does  not  mean  that  cyclic  photophos- 
phorylation,   as  observed  in  isolated  chloroplasts,   is  also  a  physiological 
reaction. 

Very  recently  Arnon  showed,   that  ferredoxin  can  act,   under  certain  con- 
ditions,   as  a  cofactor  of  cyclic  photophosphorylation'       '.     The  stimulation  of 
this  cyclic  photophosphorylation  by  DCMU^^^'  is  reminiscent  of  the  cyclic  sys- 
tem with  DC  PIP  as  catalyst{22).     As  table  4  shows,   DC  PIP  is  effective  as  a  co- 
factor  of  a  photosynthetic  ATP  formation  in  the  absence  of  oxygen.     This  ATP 
formation  is  not  only  insensitive  to  high  concentrations  of  DCMU,   but  is  actu- 
ally stimulated  by  it.     Photophosphorylation  in  the  presence  of  oxygen  is,   how- 
ever,  inihibited.     (Since  the  DCPIP  must  first  be  reduced  in  a  DCMU-sensitive 
Hill  reaction,   DCMU  was  added  after   1  min  pre -illumination).     Cyclic  photophos- 
phorylation with  DCPIP  as  catalyst  has  recently  been  confirmed  in  several 
laboratories  (2  5"^^). 


/imoles  ATP  formed  in 


additions  to  o,3  fxmol  DCPIP  nitrogen 


air 


.--  1.5  6,3 

+   lo"    m  DCMU  5,3  o,  1 


Table  4:      DCPIP  as  cofactor  of  cyclic  photophosphorylation  (conditions  as  in 

table  1,    15  min  light.     DCMU  was  added  after   1  min  pre-illumination). 


3.     Quinones  in  HO     formation 


Warburg  showed  that  in  aerobic  photophosphorylation  the  hydroquinone, 
acting  as  a  catalyst,    is  reoxidized  by  O2  under  formation  of  H2O2'       '.     Since 
endogenous  catalase  of  the  chloroplasts  would  decompose  most  of  this  H2O2,    a 
catalase  inhibitor  has  to  be  added  in  order  to  observe  H2O2  accumulation.     KCN, 
aminotriazole  or  diethyldithiocarbamate  can  be  used,    since  these  compounds  do 
not  interfere  with  the  photosynthetic   reactions^^^)  .      lo"-^m  KCN  is  the  most 
convenient  inhibitor.     Instead  of  inhibiting  the  endogenous  catalase,    an  ethanol/ 
catalase  trap  for  H2O2  may  be  added(^°'^^)  .     The  reaction  sequence  of  aerobic 
photophosphorylation  in  the  presence  of  KCN  is  then: 

Q  +  HO  +  ADP  +  P. -QH^   +   1/2  O,   +  ATP 

2  \  I  c. 

QH^  ,  O^ .Q  +  H^O^ 
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sum: 


H^O  +   1/2  O^  +  ADP  +  P.- 
2  2  1 


►H^O^  +  ATP 


The  ratio  of  ATP  and  HO     formation  to  O     uptake  is   1 


1   :   o,5 


(14,22) 


The  Hill  reaction  with  a  quinone  may  therefore  be  followed  not  by  oxygen 
evolution,   but  by  oxygen  uptake,    if  the  experiment  is  done  in  air  and   lo~-^m 
KCN  is  added.     Only  catalytic  amounts  of  a  quinone  are  required,   which  is  often 
important,   when  substrate  amounts  of  a  quinone  are  inhibitory  or  insoluble. 

H2O2  formation  by  illuminating  chloroplasts  and  its   stimulation  by  quinones 
is  long  known  as  Mehler  reaction''^°'.     It  seems,    however,    somewhat  misleading, 
to  speak  of  oxygen  as  a  Hill  reagent,   when  it  is  only  a  variant  of  a  Hill  reaction 
with  a  quinone. 


4.     The  photooxidation  of  hydroquinones 

It  is  proper  to  assume,    that  the  reaction  between  a  hydroquinone  and  oxy- 
gen under  formation  of  H2O2  in  aerobic  photophosphorylation  is  an  autoxyda- 
tion,    particularly  if  the  hydroquinone  has  a  low  redoxpotential.     This  is  not 
correct,    however,    in  the  case  of  the  oxidation  of  hydroquinones  with  rather  pos- 
itive redoxpotentials,    since  these  are  not,    at  ppj  8,    readily  autoxidizable.     Still, 
p-hydroquinone  and  even  better,   chlorogenic  acid  or  dopamin  are,    as   shown  in 
table  2,    excellent  cofactors  of  aerobic  photophosphorylation  and  these  hydro- 
quinones are  therefore  rapidly  oxidized  by  chloroplasts.     The  suggestion,    that 
a  phenoloxidase  might  be  responsible' I'*',    can  be  ruled  out,    since  the  experi- 
ment can  be  done  in  the  presence  of  KCN''^'^',   which  would  inhibit  the  phenol- 
oxydase. 

Table  5  shows,    that  chlorogenic  acid,    p-hydroquinone  and  dopamin  (with 
redoxpotentials  above  +29o  mV)  are  not  substantially    oxidized  by  chloroplasts 
in  the  dark,    whether  KCN  is  absent  or  not  (there  is   some  phenoloxidase  activity, 
as  seen  in  the  dopamin  experiment).     In  the  light,    however,    oxygen  is  taken  up 
and  H2O2  accumulates,    even  and  particularly  in  the  presence  of  KCN  (which 
again  inhibits  endogenous  catalase). 


in  the  dark  in  the  light 

/Liatoms  O       /imoles  H2O2      /iatoms  O       jumoles  H2O2 
taken  up 


chlorogenic  acid  o 

+   lo-^m  KCN  o 

p-hydroquinone  o 
"         +   lo-^m  KCN 

dopamin  1  ,  3 

+   lo"^m  KCN  o 


form 

ed 

taken 

up 

formed 

0 

1,6 

1,0 

0 

6,4 

5,8 

0 

0,8 
5,2 

0,8 
4,8 

0 

2,1 

0,8 

0 

7,2 

7,0 

Table  5:  Photooxidation  of  hydroquinones   (5  ^mol)  by  broken  chloroplasts 

(conditions  as  in  table   1;    15  min). 
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These  hydroqainones  therefore  seem  to  be  photo  oxidized.     This  photooxi- 
dation  is  not  a  chlorophyll  sensitized  photooxidation  for  two  reasons.      1.     The 
photooxidation  is  inhibited  by  lo""m  DCMU  and   lo'^^m  o-phenanthroline^      ' 
(see  also  table   11).     2.     Treatment  of  chloroplasts  with  a  detergent  and  solu- 
bilizing  the  chlorophyll  destroys  the  ability  to  photooxidize  hydroquinones^^*^) . 

The  inhibition  of  this  photooxidation  by  DCMU  seems  to  indicate  that  the 
oxygen  evolution  system  of  photosynthesis  somehow  participates.     It  is  difficult 
to  give  an  explanation.     It  seems  conceivable  that  a  hypothetical  peroxyde,   which 
gives  off  oxygen  in  usual  photosynthesis,    is  oxidizing  the  hydroquinone,    perhaps 
via  a  quinolperoxyde.     A  mechanism  like  this  has  been  proposed  also  by  Jagendorf 
as  an  explanation  for  the  photooxidation  of  ascorbate  by  otherwise  unsupplemented 
chloroplasts^-^^).     This  theory  implicates  that  oxygen  is  required  in  order  to 
evolve  oxygen,    even  in  normal  photosynthesis.     Such  a  hypothesis  has  been  ad- 
vanced in  particular  by  Schenck  on  the  basis  of  the  behavior  of  chlorophyll  in 
chemical  photoreactions'-^^'.     Certainly  more  experiments  are  needed,    to  sup- 
port such  a  view. 


5 .     Quinones  in  the  photooxidation  of  ascorbic  acid 

As  already  naentioned,   the  photooxidation  of  o-hydroquinones  shows  sim- 
ilarities to  the  photooxidation  of  ascorbic  acid.     There  are  several  possible  ways, 
in  which  ascorbic  acid  may  be  oxidized  by  chloroplasts,   which  cannot  be  dis- 
cussed here  in  detail  (see  Jagendorf^^-^'  for  a  review  of  the  pertaining  literature). 
Stimulation  of  ascorbic  acid  oxidation  by  quinones  was   studied  in  several  labo- 

ratories(^4-4o,    31)       Wessels  concluded  that  the  quinone  stimulated  photooxida- 

•   •  •        •       (34) 

tion  of  ascorbic  acid  is  a  chemical,    chlorphyll  sensitized,   photooxidation^       '. 

Others,   however,    concluded  that  ascorbic  acid  photooxidation  proceeds  via  all 
or  part  of  the  electron  transport  chain  of  chloroplasts'35 ,  37)^     Quinone  stim- 
ulated ascorbic  acid  photooxidation  was  inhibited  by  o-phenanthroline  in  Ikeda's 
experiments'    ''.     Substituted  p-benzoquinones  with  a  redoxpotential  in  the  range 
from  o  till  +  Zoo  mV  cannot  be  used  for  the  stimulation  of  ascorbic  acid  photo- 
oxidation by  chloroplasts,    since  they  catalyze  already  a  rapid  dark  oxidation. 
Also  vitamin  K3  at  a  concentration  of  lo~m  catalyzes  a  chemical  dark  oxidation 
of  ascorbic  acid.     More  interesting  is  the  stimulation  of  ascorbic  acid  oxidation 
by  low  concentrations  of  vitamin  K3   (lo'rn)  and  by  anthraquinonesulfonic  acid, 
which  occurs  only  by  illumination  with  a  chloroplast  system.     This  stimulation 
is  inhibited  by  DCMU  (table  6),    which  suggests  that  the  electron  transport  chain 
of  photosynthesis  in  chloroplasts  or  part  of  it  is  participating,      lo"    m  KCN  was 
not  inhibiting  and  was  added  to  prevent  H2O2  decomposition  by  the  endogenous 
catalase.     Coupled  ATP  formation  in  a  ratio  1  to  1   to  H2O2  also  supports  the 
view  that  we  are  not  just  dealing  with  a  chlorophyll  sensitized  photooxidation. 

Two  explanations  for  this   stimulation  of  ascorbate  oxidation  can  be  offered 
(see  also  Jagendorf^-^'^'): 

1.     The  quinone  is  reduced  in  a  Hill  reaction  and  rapidly  autoxidized  under  for- 
mation of  H2O2.     The  H2O2   (perhaps  with  the  help  of  a  peroxidase)  is  quickly 
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oxidizing  ascorbic  acid.     The  DCMU  sensitivity  of  the  Hill  reaction  would  ac- 
count for  the  DCMU  inhibition  of  the  overall  reaction. 

However,    at  the  short  exposure  time  in  the  experiments  of  table  6,    ascorbic 
acid  is  stable  in  the  presence  of  HO. 


additions  to  lo  ^mol  ascorbate 


o,  1  ixmol  anthraquinonesulfonate 
o,  1  ^mol  anthraquinonesulfonate 

+   lo-^m  DCMU 
o,o3  /imol  vitamin  Ko 
o,o3  jimol  vitamin  K^   +   lo"    m  DCMU 


oxygen  uptake 

H2O2- 

ATP- 

fiatoms 

formation 

(|Umol) 

o,  6 

0,5 

13,5 

7,0 

7,0 

o.l 

0,1 

0.1 

12, o 

6.2 

6,  0 

o,8 

0.3 

0.1 

Table  6:      Inhibition  of  quinone  stimulated  ascorbate  photooxidation  by  DCMU 

(conditions  as  in  table  1;    15  min  light  in  air,    lo"-^m  KCN  per  vessel). 

Z.     Ascorbic  acid  is  donating  electrons  into  the  electron  transport  chain  at  a 
point  before  the  DCMU  inhibition  site.     The  electron  is  transported  to  the  qui- 
none,  which  is  then  autoxidized.     This  is  a  mechanism,    also  proposed  by 
Ikeda^      'and  very  recently  by  Chiba'-^"'  and  which  is  in  agreement  with  the  ex- 
periments of  Habermann(-^^)and  Marre^-^^^).     In  this  view,   ascorbate  (Aa) 
would  substitute  for  water  as  electron  donor  at  the  same  site. 

ADP  +  P.  +  H^Aa  +  oiiliiQH     +  Aa  +  ATP 


i  2  ~  ^2 

\ -Q  +  ^2^2 


QIL  +  O^ ►Q  +  H^O^ 


sum:  ADP  +  P.  +  H_,Aa  +  O^ ►Aa  +  H^O.   +  ATP 

1  Z  Z  d    c 

The  ratio  of  H2O2  and  ATP  formation  to  O^  uptake  in  this  reaction  type  is 
1   :    1   :    1  as  against  the  ratio  of  1   :    1   :   o,  5  in  aerobic  photophosphorylation. 

This  quinone  stimulated  ascorbic  acid  photooxidation  differs  in  many  re- 
spects from  the  DCPIP  stimulated  ascorbate  oxidation.     The  latter  is  not  inhib- 
ited by  DCMU('^°).     One  major  change  introduced  by  the  addition  of  DCPIP  is 
the  point  of  entry  of  the  electrons  donated.     As  the  work  of  Vernon^         and 
Witt^'^' clearly  indicated,    ascorbate  donates  electrons  via  DCPIP  into  the 
cytochrome  chain. 

Explanation  2  would  also  account  for  the  ascorbate  stimulation  of  cyclic 
photophosphorylation  with  certain  cofactors.     Vennesland^  showed,    that  for 

FMN  catalyzed  cyclic  photophosphorylation  catalytic  amounts  of  ascorbate  are 
required  and  that  the  ascorbate  stimulation  is  abolished  by  o-phenanthroline. 
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Table  7  indicates,    that  photophosphorylation  catalyzed  by  indigo- sulfonic  acids 
is  like  the  FMN  system  stimulated  by  ascorbate.     This  stimulation  is  again 
DCMU  sensitive. 


0,2  ymol  indigo-sulfonic  acid 

"  "  +2,5  ymol  ascorbate 

1'  "  "  "         +   lo""^  DCMU 

0,2  jimol  indigo-disulfonic  acid 

"  "  +2,5  ;imol  ascorbate 

"         +   lo"'*  DCMU 

o,  1  ^mol  FMN 

"  "     +  2,5  ^mol  ascorbate 

1!  <•  "  "  +  lo"^  DCMU 


^moles 

;  ATP 

formed 

1, 

I 

4, 

4 

0, 

8 

1. 

2 

6, 

,1 

1, 

,  0 

1, 

,5 

7, 

,6 

1, 

,7 

Table  7:      Stimulation  of  cyclic  photophosphorylation  by  ascorbate  (conditions 
as  in  table   1;    15  min  light  in  N^). 

This  might  best  be  explained  as  a  donation  of  electrons  by  ascorbate  into 
the  electron  transport  chain  before  the  DCMU  block.     In  the  absence  of  ascorbate, 
the  oxidation  of  the  reduced  cofactor  by  an  endogenous  oxidizing  compound  of 
the  chloroplasts  is  limiting.     Ascorbate  alone  is  not  a  good  cofactor,    since  then 
the  reduction  of  dehydro-  (or  monodehydro-)  ascorbate  is  limiting^^    '.     Against 
the  explanation  that  ascorbate  substitutes  for  water  is,    that  a  stoichiometry  of 
oxygen  evolution  and  TPNH  formation  is  observed  also  in  the  presence  of  as- 
corbate. 

o-Quinones  (or  rather  o-hydroquinones)  behave  quite  different  from  qui- 
nones  with  negative  redoxpotentials  in  the  ascorbate  oxidation  by  chloroplasts. 
o-Hydroquinones  do  not  stimulate  ascorbic  acid  photooxidation  by  chloroplasts. 
On  the  contrary,    ascorbate  inhibits  the  photooxidation  of  these  hydroquinones 
(table  8). 


o,  1  jLtniol  chlorogenic  acid 

0,1  /xmol  chlorogenic  acid  +   lo  |imol  ascorbate 

o,  1  jxmol  catechol 

o,  1  ^mol  catechol  +   lo  ^imol  ascorbate 

o,  1  ^mol  anthraquinonesulfonate 

o,  1  ^mol  anthraquinonesulfonate 

+   lo  ^mol  ascorbate  14,1  6,7 


O2  uptake 

Hz 

,  O^  formed 

^atoms 

jLXmoles 

3,7 

3,1 

0,8 

0,6 

6,5 

5,5 

0,8 

0.4 

5.6 

6,  0 

Table  8:      Inhibition  of  o-hydroquinone  photooxidation  by  ascorbate  (in  compar- 
ison with  anthraquinone)  (15  min  light  in  air;   lo'^m  KCN  per  vessel). 
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This  might  best  be  explained  by  a  competition  of  o-hydroquinone  and  ascorbate 
for  the  same  site  of  oxidation.     Since  no  autoxidizable  hydroquinone  is  formed 
(as  it  is  from  anthraquinone)  the  system  is  blocked. 


6.     The  action  of  salicylaldoxime  on  photosynthetic  reactions 

Salicylaldoxime  is  a  copper  chelating  agent,    which  inhibits  copper  con- 
taining enzymes,   like  phenoloxydase^'^^)  and  cytochromeoxydasev'*'*).     It  also 
inhibits  photosynthesis  in  intact  Chlorella^'*^' .     Table  9  shows  the  influence  of 
salicylaldoxime  on  various  photosynthetic  activities  in  broken  chloroplasts .     All 
reactions  involving  oxygen  evolution  (ferricyanide  and  TPN  reduction)  as  well 
as  cyclic  photophosphorylation  (vitamin  Kj  as  cofactor)  are  inhibited  by   lo"    m 
salicylaldoxime.     The  only  photosynthetic   reaction  possible  in  the  presence  of 
salicylaldoxime  is  the  reduction  of  TPN  at  the  expense  of  DCPIP/ascorbate. 

For  comparison  the  behavior  of  DCMU,    as  worked  out  by  Vernon  and 
others^^^''^^''*^)  is  included  in  table  9.     The  difference  between  DCMU  and  sali- 
cylaldoxime is,    that  DCMU  does  not  inhibit  cyclic  photophosphorylation,   whereas 
salicylaldoxime  does.     In  the  DCMU  experiments,    the  addition  of  DCPIP/ascor- 
bate restores  TPNH  and  ATP  formation,   whereas  in  the  salicylaldoxime  exper- 
iments coupled  ATP  formation  does  not  reappear,    when  TPN  is  reduced  by 
DCPIP/ascorbate. 

According  to  Vernon  and  Witt^  reduced  DCPIP  reacts  with  cyto- 

chrome f .     Since  salicylaldoxime  does  not  influence  photosynthetic  TPN  reduc- 
tion at  the  expense  of  DCPIP/ascorbate,   the  site  of  inhibition  of  salicylaldoxime 
must  be  before  cytochrome  f.     But  since  salicylaldoxime  inhibits  cyclic  photo- 
phosphorylation,  its  site  of  inhibition  would  be  after  plastoquinone  and  the  sec- 
ond light  reaction  (see  scheme).     The  phosphorylation  site  (either  in  cyclic  or 
non-cyclic  photophosphorylation)  cannot  be  between  cytochrome  f  and  TPN, 
since  the  reaction  sequence:     ascorbate  -  DCPIP  -  cytochrome  f  -  light  -  TPN 
is  not  coupled  in  the  presence  of  salicylaldoxime.     Witt  already  argued  for  rea- 
sons of  redoxpotential  that  the  phosphorylation  site  has  to  be  between  plastoqui- 
none and  cytochrome  f^^^).     In  the  DCMU  experiments,   where  the  reduction  of 
TPN  by  DCPIP/ascorbate  is  coupled  to  ATP  formation^^") ,    one  has  to  assume, 
that  DCPIP  does  not  react  with  cytochrome  f  but  with  a  compound,   located  in 
the  electron  transport  chain  before  the  phosphorylation  site,    possibly  plastoqui- 
none or  even  with  a  compound  (Y)  before  the  second  light  reaction,    as  suggested 
by  Witt(42). 

The  inhibition  of  photosynthetic  reactions  in  chloroplasts  by  salicylald- 
oxime seems  interesting;  for  if  it  is  accepted  that  salicylaldoxime  as  copper 
chelating  agent  inhibits  a  copper  enzyme  in  these  experiments  with  chloroplasts, 
then  the  site  of  salicylaldoxime  inhibition  would  indicate  the  location  of  this 
copper  enzyme  in  the  electron  transport  chain  of  photosynthesis. 

Such  a  copper  enzyme  has  already  been  isolated  from  chloroplasts. 
Katoh  named  it  plastocyanine  and  drew  attention  to  its  possible  significance  in 
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photosynthesis  .     Plastocyanine  is  inhibited  by  salicylaldoxime  .     Its  prop- 

erties are  not  against  the  site  of  function  we  are  suggesting.     Therefore  plasto- 
cyanine might  be  identical  with  the  copper  enzyme,   which  is  inhibited  by  sal- 
cylaldoxime  in  isolated  chloroplasts .     The  site  of  inhibition  of  salicylaldoxime 
might  also  be  at  the  compound  E,    Witt  is  proposing  at  that  particular  point^*''. 
Further  experiments  are  needed  to  establish  the  role  of  copper  and  its  function 
at  the  suggested  site  in  photosynthesis. 

Table  9  shows  that  rather  high  concentrations  of  KCN  behave  just  like 
salicylaldoxime.     We  think  therefore,    that  the  inhibition  of  photosynthesis  by 
lo'^m  KCN,    as  observed  by  Warburg(49),   Jagendorf(^^),   Schwartz'^°'  and 
Vennesland(51)  might  be  due  to  the  inhibition  of  the  copper  enzyme. 

The  influence  of  salicylaldoxime  on  photosynthetic  reactions  of  chloro- 
plasts can  also  be  shown  in  broken  chloroplasts,   which  were  treated  shortly 
with  5*  lo'rn  salicylaldoxime  and  then  washed  once  to  remove  most  of  the 
salicylaldoxime  during  the  actual  photosynthesis  experiment.     In  such  "salicyl- 
aldoxime treated"  chloroplasts  again  only  the  photosynthetic  reduction  of  TPN 
with  DCPIP/ascorbate  as  electron  donor  is  possible;  cyclic  photophosphorylation 
and  O7   evolution  are  blocked'^^).     Broken  chloroplasts  treated  shortly  with 
3-  lo-^m  KCN  behave  as  salicylaldoxime  treated  chloroplasts^      '. 

These  salicylaldoxime  treated  chloroplasts  show  a  number  of  interesting 
properties  besides  those,   already  mentioned. 

7,     Photooxidations  in  salicylaldoxime  treated  chloroplasts 

It  is  seen  already  in  table  9  that  in  the  presence  of  salicylaldoxime  ascor- 
bate  alone  without  the  addition  of  DCPIP  is  able  to  restore  TPNH  formation  to 
a  certain  extent  (in  DCMU  experiments  this  is  not  possible).     The  same  is  also 
true  in  salicylaldoxime  treated  chloroplasts^^^).     Ascorbate  seems  to  enter  the 
electron  transport  chain  in  these  experiments  not  before  the  DCMU  inhibition 
site  (as  in  the  photooxidation  experiments  in  intact  chloroplasts,    as  discussed 
in  chapter  5),   but  even  after  the  salicylaldoxime  inhibition  site,    possibly  at 
cytochrome  f.     Loosening  of  the  copper  enzyme,   usually  tightly  coupled  to  cy- 
tochrome f  by  salicylaldoxime  seems  to  allow  access  of  the  ascorbate  to  the 
cytochrome  f  without  the  mediation  of  DCPIP. 

This  change  of  the  point  of  entry  of  ascorbate  into  the  chain  of  electron 
carriers  by  treating  chloroplasts  with  salicylaldoxinie  is  supported  by  the  dif- 
ferent behavior  of  quinone  stimulated  ascorbate  photooxidation.     In  untreated 
broken  chloroplasts  (Pls3  in  table   lo)  the  photooxidation  of  ascorbate  is  inhib- 
ited by  DCMU  (as  discussed  in  chapter  5),    in  salicylaldoxime  treated  chloro- 
plasts it  is  not  (table   lo). 

The  behavior  of  o-hydroquinone  photooxidation  also  changes.     In  broken 
chloroplasts  the  photooxidation  of  o-hydroquinones  is  inhibited  by  DCMU^    °', 
in  salicylaldoxime  treated  chloroplasts  it  is  not  (table  11).     This  distinguishes 
treatment  of  chloroplasts  with  salicylaldoxime  (or  KCN)  from  that  with  detergents, 


186 


Achim  Trebst,    Herbert  Eck  and  Sieglinde  Wagner 

(36) 

In  detergent  treated  chloroplasts  ascorbic  acid  photooxidation  is  enhanced 

and  not  anymore  inhibited  by  o-phenanthroline(^9)^   but  the  photooxidation  of 
o-hydroquinone  is  completely  inactivated(3o) . 


salicylaldoxime 
treated 


P  P 

^ls3  Isl 


additions  (o,  1  ^mol)  to                         O2                   H2O2                    O^  H2O2 
lo  ^mol  ascorbate                          uptake             formed             uptake                formed 
^atoms fxmoles ^atoms ^moles 


+  vitamin  K3  11,4  5,7                    5,2  2,3 

+  vitamin  K3  +  lo~'*m  DC MU  o,7  o,  1                    4,6  2,3 

+  anthraquinone  sulfonate  12,9  5,7                     5,7  3,1 
+  anthraquinone  sulfonate 

+  lo-^m  DCMU  0,4  5,6  2,1 


Table  lo:       Ascorbate  photooxidation  in  normal  and  salicylaldoxime  treated 

chloroplasts  (Plgl,   containing  4  mg  chlorophyll,   were  suspended 
in-3  ml  cold  5-  lo"^m  salicylaldoxime,    spun  down  after  2  min, 
washed  once  with  water  and  resuspended  in  2  ml  water.     Further 
treatment  as  in  table  1,    15  min  light  in  air,    lo~-^m  KCN  per  vessel). 


^atoms  oxygen  taken  up  in 


5  fxmol  chlorogenic  acid 

"  "  +   lo"    m  DCMU 

5  ^mol  DOPA 

"  "  +   lo"    m  DCMU 

lo  p.mol  ascorbate  +  o,  1  fxmol  anthraquinone 

sulfonate 

"  "  "  +   lo""^  DCMU 


sal 

icylaldoxime 
treated 

Pls3 

^isl 

3,3 

1.7 

0 

1.7 

6,5 

6.0 

0,7 

7.1 

8.3 

4.3 

0,  6 

4.2 

Table  11:        Photooxidation  of  o-hydroquinones  in  normal  and  salicylaldoxime 
treated  chloroplasts  (compared  with  ascorbate  oxidation) 
(conditions  as  in  table  lo). 
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8.     p-Hydroxylation  of  salicylaldoxime  by  chloroplasts 

The  salicylaldoxime  experiments,   described  so  far,   were  done  at  a  con- 
centration of  lo"    m.     In  air  at  a  concentration  of  less  than  lo~    m,    salicylald- 
oxime behaves  quite  different.     It  is  then  not  an  inhibitor,   but  a  cofactor  of 
photophosphorylation  in  chloroplasts^       ',     Of  a  number  of  substituted  phenols 
tested,    only  salicylaldehyde  and  its  oxime  were  active  as  cofactor s  of  an  aero- 
bic photophosphorylation  (table   12). 


/imoles  ATP  formed 


-2 
lo    m  salicylaldoxime  in  nitrogen 

lo"^  m  "  in         " 

lo   m  "  in  air 

lo"     m 

lo"^  m 

lo        m  salicylaldehyde 

o-cresol 

m-cresol 

p-cresol 

salicylalcohol 

salicylic  acid 

gentisinalcohol 

g  enti  s  inald  ehyd  e 

gentisinic  acid 


l,o 
o,5 
o,  5 
o,5 
5,5 
6,3 
3,9 
1,1 
1,1 
o,9 
1.4 

1,1 
6,5 
6,9 
5,5 


Table   12:       Aerobic  photophosphorylation  with  substituted  phenols  (conditions 
as  in  table   1 ). 

Since  salicylaldehyde  (or  its  oxime)  is  not  a  reversible  redoxcatalyst,    one 
has  to  assume,   that  it  can  be  converted  into  one  by  the  chloroplast  system.     It 
is,   indeed,    possible  to  isolate  gentisinaldehyde  as  its  dinitrophenylhydrazone, 
after  salicylaldehyde  has  been  incubated  in  air  with  chloroplasts  in  the  light^^^)^ 
This  indicates  that  salicylaldehyde  and  its  oxime  are  hydroxylated  in  the 
p-position  to  a  compound,   which  can  now  be  reversibly  oxidized  and  reduced  and 
which  is  the  actual  cofactor  of  the  photophosphorylation.     As  seen  in  table  12, 
gentisinaldehyde  is  quite  an  active  cofactor  of  photophosphorylation  in  air.     A 
somewhat  more  detailed  examination  of  the  hydroxylation  system  suggested, 
that  a  peroxydase  reaction  is  responsible  for  the  hydroxylation'       '. 


The  inhibitor  salicylaldoxime  is  by  this  hydroxylation  converted  into  a 
cofactor  of  photophosphorylation.     This  is  reminiscent  of  Wessel's  experiments 
with  dinitrophenol.     This  inhibitor  of  photophosphorylation  is,   by  reduction  to  an 
aminophenol  by  illumination  with  chloroplasts,    also  converted  into  a  cofactor'-'    '. 
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9.     Benzoquinones  in  the  reactivation  of  petrolether  extracted  chloroplasts 

As  already  mentioned,   plastoquinone  =  dimethyl-solanosyl-p-benzoquinone 
is  an  endogenous  quinone  of  chloroplastst'*).     Its  importance  for  the  photosyn- 
thetic  activity  of  chloroplasts  became  apparent,   when  Bishop  showed  that  the 
ferricyanide  (and  DC  PIP)  reduction  in  petrolether  extracted  chloroplasts  was 
plastoquinone  dependent(5).     A  number  of  groups  have  now  investigated  the  sys- 
tem of  Bishop  i.e.    the  properties  of  petrolether  extracted  chloroplasts  in  more 
detail(55"^°).     The  results  are,   that  all  known  photosynthetic  reactions  of  chloro- 
plasts—the  Hill  reaction  with  different  acceptors  (ferricyanide^^  >  ^^  '  °°',  DCPIP^    ', 
benzoquinones^^^)  and  TPN^^^ '  59))_are  inactivated  and  become  plastoquinone 
dependent,  when  the  chloroplasts  were  exhaustively  extracted  with  petrolether 
or  acetone.     The  only  exception  is  the  reduction  of  TPN  by  DCPIP/ascorbate, 
which    seems  to  be  independent  of  plastoquinone'^" '  ^^'  (see  however  Crane^    °'). 
This  provides  some  indication  as  to  the  location  of  endogenous  plastoquinone  in 
the  electron  transport  chain  of  chloroplasts.     In  agreemient  with  Witt's  interpre- 
tation of  experiments,   which  gave  more  direct  spectroscopic  evidence'       ',    plas- 
toquinone is  probably  the  acceptor  of  the  second  light  reaction  and  is  situated 
before  the  cytochrome  chain. 

We  have  pointed  out,    however,   that  incomplete  extraction  of  plastoquinone 
leads  to  a  somewhat  different  picture'^"^     By  extraction  of  7o%  of  the  endoge- 
nous plastoquinone  (which  can  easily  be  accomplished  by  an  only  short  treatment 
of  chloroplasts  with  petrolether),    only  the  reduction  of  ferricyanide  and  oi 
o-quinones  is  impaired,   but  not  the  reduction  of  TPN  and  p-benzoquinones^      '. 
We  have  concluded  from  this,   that  there  is  a  second  site  of  plastoquinone  in  the 
electron  transport  chain^^"'.     This  second  site  has  to  be  in  a  sidepath  to  the 
main  chain  (leading  to  TPN)  after  the  first  light  reaction  (see  scheme)  and  is 
participating  only  in  ferricyanide  reduction.     This  second  plastoquinone  site 
has  recently  been  confirmed  by  Witt  by  direct  spectroscopic  observations  at 
26o  mJ^^K 

Crane  recently  suggested  also  several  plastoquinone  sites  in  photosyn- 
thesis(^°).     The  higher  sensitivity  of  the  Hill  reaction  towards  UV-light  as  com- 
pared to  cyclic  photophosphorylation,   noticed  by  Avron'"    ',    and  the  stimulation 
of  photosynthetic  reactions  of  chloroplasts  by  the  further  addition  of  plastoqui- 
none(°^'°^)  (surprising  in  view  of  the  high  plastoquinone  content  of  chloroplasts) 
might  also  be  explained  by  two  plastoquinone  sites,    only  one  of  which  is  of  phys- 
iological importance. 

The  two  plastoquinone  sites  are  different  also  in  the  specifity  by  which 
they  can  be  reactivated  after  petrolether  extraction  of  the  endogenous  plasto- 
quinone^^^).     Table  13  shows  that  after  incomplete  extraction  of  plastoquinone 
(removal  of  plastoquinone  at  site  2),   the  reduction  of  ferricyanide,    vitamin  K3 
and  anthraquinone-sulfonic  acid  is  impaired  and  shows  a  stimulation  by  the  ad- 
dition of  plastoquinone-45,   whereas  this  is  not  the  case  with  the  reduction  of 
TPN  and  the  two  substituted  benzoquinones. 
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^mol  electrons  transferred 

without  with 

the  addition  of 
0,2  ^mol  plastoquinone 


5  fxmol  TPN 

lo  /xmol  ferricyanide 

0,2  /xmol  2,3-dimethyl-benzoquinonebutyrate 

0,2  fxmol  2,3-dimethoxy-methylbenzoquinone 

0,2  ^mol  vitamin  K^ 

0,2  jLimol  anthraquinone- sulfonate 


2 ,  o 
0,1 
1.8 
2.1 
0,1 
0.1 


2.1 
2,2 
2.2 
2.2 
2,8 
2,5 


Table  13:       Plastoquinone  dependence  of  the  reduction  of  TPN.   ferricyanide  and 
quinones  in  petrolether  extracted  chloroplasts  (only  7o%  of  endoge- 
nous plastoquinone  removed).     o,3  ml  dialyzed.   watersoluble  chloro- 
plast  extract  was  added  in  the  TPN  experiment;  quinone  reduction 
was  measured  by  H7O2  formation  in  the  presence  of  lo'^m  KCN. 
15  min  light  in  air    l^°) . 

The  ferricyanide  system  in  such  incomplete  extracted  chloroplasts  can 
be  reactivated  by  numerous  p-benzoquinones .    some  of  which  are  shown  in  table 
14.     There  seems  to  be  no  structural  requirements  in  the  reactivation  of  the 
second  plastoquinone  site,   except  that  it  has  to  be  a  substituted  p-benzoquinone. 


addition  of  o,2  j^mol 


p  -b  enz  oquinone 

2  ,  3  -dimethoxy-p-benz oquinone 

2  ,  3  -dimethoxy  -  methylb  enz  oquinone 

2  .  3  -dimethyl-p-benz oquinone 

2  .  3  -dimethyl -b  enz  oquinone -butyric  acid 

tr  imethyl  -b  enz  oquinone 

p-benzoquinone-2 ,  5-diacetic  acid 

vitamin  K_ 


jLimol  ferricyanide  reduced 

0,8 
1,0 
3.8 
3,7 
3,8 

4,1 
4,2 
4.4 
0,9 


Table  14:       Reactivation  of  ferricyanide  reduction  in  petrolether  extracted 
chloroplasts  (only  7o%  of  endogenous  plastoquinone  removed). 
1 5  min  light  in  N    . 

Table  15  shows  that  after  exhaustive  extraction  of  plastoquinone  the  TPN 
system  is  now  also  plastoquinone  dependent  (at  site  one).     The  reactivation  of 
this  plastoquinone  site  is  very  specific.     Only  dimethyl-substituted  benzoqui- 
nones  with  an  isoprenoid  side  chain  of  at  least  5  C-atoms  are  active. 
Allyl-  as  well  as  butyrate  substitution  in  position  5  show  no  activity. 
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addition  of  o,2  /imol  of  M^T'oI  TPNH  formed 


0,5 

plastoquinone-45  ^ >  ° 

plastoquinone-15  ''»  ' 

plastoquinone-5  ^'" 

2  ,  3  -dimethyl -phytylbenzoquinone  3  >  ^ 

2  ,  3  -dimethyl - 5 - allylbenz oquinone  o >  o 

2  ,  3-dimethyl-benzoquinone  o>  ° 

2,3-dimethoxy-methylbenzoquinone  o.  ^ 

2,3-dimethyl-benzoquinone-butyric  acid  o.  5 

ubiquinone-5o  °»^ 


Table  15:       Reactivation  of  TPN  reduction  by  quinones  in  petrolether  extracted 
chloroplasts  (exhaustively  extracted,    o,3  ml  dialyzed,  watersoluble 
chloroplast  extract  added,    15  min  light  in  N^). 


0 
II 

J    II    II 

H 
0 

R  =     -CH2-GH=C.Qj^^      -CH2-CH=C.g       -CH2-CH2-CH2-COOH 

5 
-5-dimethyl-allyl    -5-allyl  -5-butyric  acid 

(plastoquinone-5) 

plastoquinone-45  no  no 

activity        "^ 

Besides  two  methyl-groups  in  position  2  and  3,    a  substitution  at  position 
5  by  -CH2-CH=C-(CH3)2   seems  to  be  essential  for  the  activity  at  the  first  plasto- 
quinone  site  in  the  electron  transport  chain  of  photosynthesis. 

Krogmann  and  Crane     °    also  showed  that  different  photosynthetic  re- 

actions of  chloroplasts  have  different  structural  requirements  in  their  reacti- 
vation,   after  endogenous  plastoquinone  has  been  extracted. 

The  following  scheme  is  to  indicate  the  proposed  two  sites  of  plastoqui- 
none function  and  the  site  of  salicylaldoxime  inhibition  as  discussed  in  the  pre- 
ceding chapters. 
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salicyl- 
aldoxime 


t 


plastoquinone ( 1 ) 


ADP^ 
ATP 


chlorophyll 
l^"*^  light  reac 


Cu  (?) 


chlorophyll 


2^  lightreaction 

T       , 

Y   <-  " 

H2O  ■*"■    ascgrbate 


cytochrome  f 

T 

_   DCPIP 

T 

ascorbate 


TPN 


plastoquinone (2). 


p-benzo- 
^  quinones 


ferricyanide 


Scheme  of  photosynthetic  electron  transport  in  broken  chloroplasts 
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PHOTOSYNTHETIC   ELECTRON  TRANSPORT  AND  PHOSPHORYLATION 

IN  CHLOROPLASTS 

Daniel  I.  Arnon 


The  type  of  photosynthetic  phosphorylation  first  found  in 
chloroplasts--the  type  now  called  cyclic  photophosphorylation-- 
in  which  the  sole  product  of  the  reaction  is  ATP,  and  in  which  no 
hydrogen  (electron)  donor  or  acceptor  is  consumed,  yielded  no  ex- 
perimental evidence  for  a  light-induced  electron  transport  coup- 
led with  phosphorylation  (1,2).   Direct  experimental  evidence,  as 
distinguished  from  supposition,  for  a  coupling  between  photosyn- 
thetic phosphorylation  and  photosynthetic  (light-driven)  electron 
transport  in  chloroplasts  came  in  1957  with  the  finding  of  what 
we  now  call  noncyclic  photophosphorylation  (3) •   Here  the  forma- 
tion of  ATP  was  linked  with  a  thermodynamically  "uphill"  hydrogen 
(electron)  transfer  from  water  to  TPN  (or  ferricyanide)--a  trans- 
fer that  was  accompanied  by  a  stoichiometric  oxygen  evolution. 

The  early  hypotheses  linking  photophosphorylation  with  photo- 
synthetic electron  transport  centered  on  the  photolysis  of  water 
as  a  common  primary  photochemical  event  in  cyclic  and  noncyclic 
photophosphorylation  (4).   But  since  1959  our  work  has  been 
guided  by  an  "electron  flow"  hypothesis  which  limits  the  photo- 
oxidation  of  water  and  the  resulting  evolution  of  oxygen  to  non- 
cyclic  photophosphorylation  (5).   The  common  primary  photochemi- 
cal event  (coupled  with  ATP  formation)  in  both  cyclic  and  non- 
cyclic  photophosphorylation  is  now  envisaged  as  an  electron 
transfer  from  excited  chlorophyll  to  a  primary  electron  acceptor 
molecule  and  thence,  with  the  aid  of  appropriate  enzyme  systems, 
either  to  TPN  (noncyclic)  or  back  to  chlorophyll  via  the  cyto- 
chrome chain  (cyclic  electron  flow)  (5,6). 

In  1961  this  hypothesis  was  further  elaborated  (7)  to  accom- 
modate the  experimental  separation  of  noncyclic  photophosphory- 
lation in  chloroplasts  into  two  partial  reactions:   (a)  ATP  for- 
mation without  oxygen  evolution  but  coupled  with  the  photoreduc- 
tion  of  TPN  by  the  ascorbate-DPIP  couple,  and  (b)  photooxidation 
of  water  to  molecular  oxygen  (7) .  With  the  separation  of  these 
two  reactions  there  was  also  preliminary  evidence  that  photopro- 
duction  of  oxygen  is  catalyzed  by  a  pigment  system  different  from 
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that  required  for  the  photoreduction  of  TPN  (8) . 

The  aim  of  this  article  is  to  summarize  the  work  in  our  labor- 
atory since  1961  which  extends  and  supports  the  electron  flow 
concept  of  photophosphorylation  in  chlorop lasts .   The  discussion 
will  include  experiments  which  led  to:   (a)  The  identification  of 
ferredoxin  as  the  most  electronegative  electron  carrier  isolated 
so  far  from  chloroplasts  and  the  elucidation  of  its  role  in 
photosynthetic  electron  transport.   This  followed  a  series  of  ex- 
periments on  photoreduction  of  methyl  viologen  and  photoproductLon 
of  hydrogen  gas  by  chloroplasts.   (b)  Correlations  between  pig- 
ment function  and  photochemical  activity  of  spinach  chloroplasts 
and  algal  chromatophores,  and  (c)  identification  of  the  position 
of  plastoquinone  in  the  noncyclic  electron  transport  chain  of 
chloroplasts . 

Some  of  the  material  given  here  was  published  in  more  detail 
elsewhere  (9-1^);  other  reports  are  in  preparation.   Extensive 
reviews  of  earlier  work  from  this  and  other  laboratories  are 
available  (6,l4). 

Position  of  plastoquinone  in  the  noncyclic  electron  transport 
chain.   Crane  (15)  found  that  plastoquinone  is  localized  in 
chloroplasts  and  Bishop  (l6)  and  Krogmann  (1?)  have  shown  that 
it  is  required  for  the  photoreduction  of  ferricyanide  or  2,6- 
dichlorophenol  indophenol  by  isolated  chloroplasts.   Fig.  1 
shows  that,  after  extraction  of  plastoquinone,  chloroplasts  lost 
the  ability  to  photoreduce  TPN  when  water  (0H~)  was  the  electron 
donor  but  not  when  the  ascorbate-DPIP  couple  replaced  water  as 
the  electron  donor  system  (l8). 

Plastoquinone  thus  appears  to  be  required  in  that  portion  of 
the  photosynthetic  electron  transport  chain  in  chloroplasts 
which  is  concerned  with  the  photooxidation  of  water  to  molecular 
oxygen  and  which  has  been  identified  by  Losada  et  al.  (7)  as  the 
first  of  the  two  light  reactions  that  jointly  bring  about  the 
transfer  of  electrons  from  water  to  TPN.   Plastoquinone  may  thus 
be  the  endogenous  chloroplast  factor  which  occupies  the  position 
marked  as  "A"  in  the  noncyclic  electron  flow  scheme  of  1961  (Fig. 
3  in  ref.  7).   Similar  conclusions  about  the  position  of  plasto- 
quinone in  the  chloroplast  electron  transport  chain  were  reached 
by  Witt  et  al.  (19). 

Photoreduction  of  methyl  viologen.   According  to  the  electron 
flow  hypothesis,  the  primary  electron  carrier,  common  to  the 
cyclic  and  noncyclic  electron  flow,  must  be  able  to  reduce  not 


197 


Daniel  I.  Arnon 


only  TPN  (E^  =  -320  mV,  pH  7)  but  also  strongly  electronegative 
redox  dyes  such  as  methyl  viologen  (Eq  =  -^55  mV,  pH  7) ,  a  dye 
which  was  shown  by  Jagendorf  and  Avron  (20)  and  Hill  and  Walker 
(21)  to  catalyze  cyclic  photophosphorylation. 

It  would  follow  from  these  considerations  that  an  accumulation 
of  photoreduced  methyl  viologen,  although  never  before  demonstra- 
ted, should  be  possible  if  its  reoxidation  by  oxygen  or  by  the 
cyclic  electron  flow  mechanism  of  chloroplasts  is  prevented.  This 
was  experimentally  shown  by  Mitsui  et  al.  (22).   Table  1  shows 
that  illuminated  chloroplasts  reduced  methyl  viologen  in  the 
presence  of  cysteine  and  dichlorophenolindophenol  (DPIP) .   No 
reduction  of  methyl  viologen  was  observed  in  the  dark  or  after 
boiling  the  chloroplasts  for  5  min. 


Table  1 
Photoreduction  of  Methyl  Viologen  by  Chloroplasts  (22) 

Methyl  viologen  reduced 
(umoles/hr/mg  chl) 

Complete  system  5^*2 

DPIP  omitted  5*8 

Cysteine  omitted  0.2 


Water  was  not  the  electron  donor  since  the  system  was  incap- 
able of  evolving  oxygen,  with  or  without  added  CMU.   The  rate  of 
photoreduction  of  methyl  viologen  was  greatly  decreased  when  DPIP 
was  omitted  from  the  reaction  mixture.   Thus,  DPIP  rather  than 
cysteine  appeared  to  be  the  effective  electron  donor.   However, 
the  function  of  cysteine  was  not  limited  to  donating  electrons 
via  DPIP  since  ascorbate,  which  can  also  reduce  DPIP,  did  not  re- 
place cysteine  in  the  same  system.   Only  after  a  mild  heat  treat- 
ment (50°  C  for  10  min.)>  which  greatly  reduced  the  total  photo- 
activity  of  chloroplasts,  were  chloroplasts  able  to  use  the 
ascorbate-DPIP  couple  as  an  electron  donor  for  the  photoreduction 
of  methyl  viologen  (at  a  low  rate). 

The  effectiveness  of  cysteine  is  explained  by  its  inhibition 
of  the  cyclic  electron  flow  by  which  reduced  methyl  viologen  can 
be  reoxidized  by  chloroplasts.   As  shown  in  Table  2,  cysteine 
strongly  inhibited  cyclic  photophosphorylation  catalyzed  by 
methyl  viologen,  menadione  or  FMN  but  not  the  "shortcut"  cyclic 
photophosphorylation  pathway  catalyzed  by  phenazine  methosulfate 
(6).   The  last  observation  suggests  that  the  inhibitory  effect  of 
cysteine  on  cyclic  photophosphorylation  was  not  related  to  an 
activation  of  ATPase  (23)  since  in  that  case  all  photophosphory- 
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lations  would  be  expected  to  be  affected. 


Table  2 
Inhibition  of  Cyclic  Photophosphorylation  with  Cysteine  (22) 

^lmoles  ATP 
Additions  formed 

Methyl  viologen  5*2 

Methyl  viologen,  cysteine  0.3 

Vit.  K3  6.6 

Vit.  K3,  cysteine  0.2 

FMN  ^.8 

FMN,  cysteine  0.4 

PMS  3-6 

PMS,  cysteine  3*6 

Photoproduction  of  hydrogen  gas  by  chlorop lasts.   The  ability 
of  spinach  chloroplasts  to  photoreduce  methyl  viologen--a  dye 
used  as  an  electron  carrier  for  hydrogenase  (24) --suggested  that 
spinach  chloroplasts  would  also  be  capable  of  photoproducing 
hydrogen  gas,  if  they  were  supplied  with  a  hydrogenase  (which 
they  lack)  and  if  oxygen  production,  usually  deleterious  to  hy- 
drogenase activity,  were  suppressed. 

Photoproduction  of  hydrogen  gas  by  spinach  chloroplasts  supple- 
mented with  bacterial  hydrogenases  was  demonstrated  by  Mitsui  and 
Paneque  (25-2?) .  When  photoproduction  of  oxygen  gas  was  suppres- 
sed and  cysteine-DPIP  (Fig.  2)  was  used  instead  of  water  as  the 
electron  donor  system,  spinach  chloroplasts  evolved  hydrogen  gas 
in  the  light.   The  photoproduction  of  hydrogen  gas  was  accompan- 
ied by  formation  of  ATP  (Fig.  3). 

Ferredoxin  and  the  equivalence  of  light  and  Hg  for  TPN  reduc- 
tion.  At  first,  photoproduction  of  H2  by  chloroplasts  was  car- 
ried out  with  the  aid  of  a  hydrogenase  isolated  from  Chroma tium 
(25,26)  or  Desulfovibrio  desulfuricans  (26).   In  both  these  cases 
photoproduction  of  H2  required  the  addition  of  methyl  or  benzyl 
viologen  (24).   However,  with  a  crude  hydrogenase  from  Clostrid- 
ium pasteurianum  no  addition  of  viologen  dye  was  required  for  the 
photoproduction  of  hydrogen  gas  by  chloroplasts  (27).   The  cell- 
free  extract  of  C.  pasteurianum  contained  an  electron  carrier 
which  brought  about  a  photoproduction  of  hydrogen  gas  by  chloro- 
plasts.  This  was  consistent  with  the  isolation  by  Mortenson  et 
al.  (28)  of  a  natural  electron- transferring  factor  in  C.  pasteur- 
ianum. named  by  them  ferredoxin,  which,  in  that  organism,  couples 
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pyruvic  dehydrogenase  with  hydrogenase  in  the  production  of  Hg 
from  pyruvate. 

Aside  from  photoproduction  of  H2,  Tagawa  and  Arnon  (9)  found 
that  clostridial  ferredoxin  catalyzed  the  photoreduction  of  TPN 
by  spinach  chloroplasts  without  the  participation  of  the  "photo- 
synthetic  pyridine  nucleotide  reductase"  (PPNR)  of  San  Pietro  and 
Lang  (29),  which  has  become  widely  accepted  as  the  specific 
chloroplast  enzyme  required  for  the  photoreduction  of  TPN.   More- 
over, in  the  presence  of  added  bacterial  ferredoxin  and  hydrogen- 
ase, '  isolated  chloroplasts  reduced  TPN  in  the  dark  with  hydrogen 
gas  but  without  PPNR  (see  Fig.  5  in  ref.  9).   Thus,  the  enzymic 
apparatus  of  chloroplasts  was  found  to  be  able  to  reduce  TPN  in- 
dependently of  PPNR  and  light. 

These  results  indicated  that  the  true  pyridine  nucleotide 
reductase  enzyme  of  chloroplasts  was  not  a  component  of  the  PPNR 
preparation  but  a  component  of  the  remaining  chloroplast  fraction. 
A  re-examination  of  the  TPN-reducing  system  of  chloroplasts,  des- 
cribed in  more  detail  elsewhere  (9,30),  proved  this  interpreta- 
tion to  be  correct.   The  TPN  reductase  proper,  which  had  also 
diaphorase  (3I)  and  transhydrogenase  (32,33)  activities,  was 
found  to  be  localized  in  the  flavoprotein  fraction  of  chloro- 
plasts (9).  The  flavoprotein  reductase,  which  was  also  isolated 
by  Gewitz  and  Voelker  (3^)  and  Davenport  (35),  was  recently  crys- 
tallized (Fig.  h)    by  Shin  et  al.  (36,30)-   The  enzyme  reduces  TPN 
either  in  the  light  or  in  the  dark  with  H2  (plus  hydrogenase)  and 
requires  in  either  case  the  collaboration  of  an  electron  carrier: 
bacterial  or  chloroplast  ferredoxin. 

Chloroplast  ferredoxin  was  isolated  and  crystallized  by  meth- 
ods similar  to  those  used  for  bacterial  ferredoxin  (9).   Chloro- 
plast ferredoxin  proved  to  be  a  non-heme  iron  protein,  localized 
in  chloroplasts,  and  was  similar  to  Clostridium  ferredoxin  in 
having  a  redox  potential  (E'q  =  -^32  mV,  pH  7.55)  close  to  that 
of  the  hydrogen  electrode  and  in  undergoing  reversible  oxidation- 
reduction  that  was  measured  by  spectral  changes  (9).   As  shown  in 
Table  3,  the  protein  from  spinach  chloroplasts  had  an  iron  con- 
tent of  0.89  per  cent,  which,  on  the  basis  of  a  molecular  weight 
of  13,000,  indicates  two  atoms  of  iron  per  mole. 

Spinach  ferredoxin  proved  to  be  the  same  substance  as  PPNR, 
the  methaemoglobin  reducing  factor  of  Davenport,  Hill  and  Whatley 
(37),  the  TPN-reducing  factor  of  Arnon,  Whatley  and  Allen  (38) 
and  the  red  enzyme  of  Gewitz  and  Voelker  (3^)  [see  review  (30)]. 
The  presence  of  iron  in  PPNR  or  the  red  enzyme  was  recently  re- 
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ported  by  Horio  and  Yamashita  (39),  Katoh  and  Takamiya  (^0),  Fry 
and  San  Pietro  (4l)  and  Gewitz  and  Voelker  (3^)-   Fry  and  San 
Pietro  (^1)  found  that  the  iron  in  this  protein  is  associated 
with  "labile"  sulfide  groups.   The  presence  of  "labile"  sulfide 
groups  in  the  protein  was  also  independently  found  by  Gewitz  and 
Voelker  (3^+)  . 

Table  3 

Iron  Analysis  of  Spinach  Ferredoxin 

(Tagawa,  Chain  and  Arnon,  1963) 


Ferredoxin 

Fe  found 

Per  cent 

Minimum 

Used  (mg) 

(UK) 

8.6 

Fe 

M.W. 

1.0 

0.86 

6,490 

2.0 

17.9 

0.90 

6,200 

3.7 

33.3 

0.89 

6,260 

7.^ 

6k.k 

0.87 

6,i+20 

The  chemical  similarities  and  the  functional  interchangeabil- 
ity  of  bacterial  and  chloroplast  ferredoxin  in  the  photoreduction 
of  TPN  (9)  suggest  that  these  two  substances,  although  not  iden- 
tical, belong  to  a  family  of  ferredoxins.   Ferredoxins  appear  to 
function  as  electron  carriers  that  transfer  to  appropriate  en- 
zyme systems  the  roost  "reducing"  electrons  in  cellular  metabolism, 
that  is,  electrons  at  a  potential  of  about  -420  mV.   These  come 
from  two  sources:   hydrogen  gas  (or  substrates  producing  H^)  or 
illuminated  chloroplasts . 

The  role  of  ferredoxins  in  photosynthetic  electron  transport 
and  in  utilization  and  production  of  hydrogen  gas  is  diagramma- 
tically  represented  in  Fig.  5'   In  this  scheme,  crystalline 
spinach  ferredoxin  (Fig.  6)  was  found  to  be  replaceable  by  one 
of  several  crystalline  ferredoxins:   that  from  Clostridium  pas- 
teurianum  (9)  and  those  from  the  photosynthetic  bacterium 
Chroma tium  (Fig.  7)  and  the  blue-green  alga,  Nostoc  muscorum 
(Fig.  8). 

Separation  of  the  light  and  dark  reactions  in  photoreduction 
of  TPN.   The  recognition  of  the  role  of  ferredoxin  in  the  TPN- 
reducing  system  was  followed  by  the  physical  separation  of  the 
photoreduction  of  TPN  by  illuminated  chloroplasts  into  two  steps: 
(1)  a  photochemical  reduction  of  ferredoxin  by  chloroplasts  in 
the  absence  of  TPN,  followed  by  (2)  the  dark  reoxidation  of  re- 
duced ferredoxin  by  chloroplasts  to  which  TPN  was  added  (42). 

The  results,  summarized  in  Table  4,  show  that  two  moles  of 
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reduced  ferredoxin  are  required  to  reduce  one  mole  of  TPN.  Thus, 
the  oxidation-reduction  of  a  ferredoxin  molecule  involves  a  trans- 
fer of  a  single  electron.   In  the  absence  of  evidence  to  the  con- 
trary, it  is  attractive  to  assume  that  the  photor eduction  of 
ferredoxin  is  the  terminal  photochemical  act  of  chloroplasts 
following  photon  capture--an  act  that  involves  a  transfer  of  an 
electron  from  excited  chlorophyll  to  the  electron  acceptor  mole- 
cule in  chloroplasts. 


Table  h 
Stoichiometry  of  Photor eduction  of  Spinach  Ferredoxin 
and  its  Subsequent  Reoxidation  by  TPN  in  the  Dark  (10) 

umoles 

Ferredoxin  (Fd)  photoreduced  0.102 

Fd  reoxidized  by  TPN  in  the  dark         0.106 
TPN  reduced  0.0^7 


Ferredoxin  and  photophosphorvlation.   If  the  photoreduction  of 
ferredoxin  by  chloroplasts  is  the  terminal  photochemical  act  of 
chloroplasts,  then  it  follows  that  photoreduction  of  ferredoxin 
should  be  a  common  feature  of  the  electron  flow  pathways  of 
either  cyclic  or  noncyclic  photophosphorylation.  The  two  path- 
ways would  differ  in  the  electron  acceptors  beyond  ferredoxin. 
In  the  case  of  noncyclic  photophosphorylation,  the  electrons  from 
ferredoxin  would  be  transferred  by  the  flavoprotein  reductase  to 
TPN,  whereas  in  the  case  of  cyclic  photophosphorylation  they 
would  "cycle"  back  to  "electron-deficient"  chlorophyll  molecules 
via  a  chain  of  endogenous  electron  carriers  (6). 

A  requirement  for  ferredoxin  [then  called  "TPN-reducing  factor 
(58)]  for  noncyclic  photophosphorylation  coupled  with  TPN  reduc- 
tion was  indeed  already  observed  when  this  process  was  first  dis- 
covered (3)  and  this  requirement  has  since  been  further  documen- 
ted (43-47).   Evidence  was  also  obtained  several  years  ago  (38) 
for  a  requirement  of  a  "TPN-reducing  factor"  (i.e.,  ferredoxin) 
in  what  is  now  called  pseudocyclic  photophosphorylation  (8)  by 
chloroplasts.   Moreover,  Forti  and  Jagendorf  (48)  and  Black  et 
al.  (49)  found  that  under  aerobic  conditions  ferredoxin  ("PPNR") 
stimulates  an  endogenous  photophosphorylation  which  proceeds  in 
the  absence  of  added  cof actors,  but  is  dependent  on  and  consumes, 
molecular  oxygen  as  the  terminal  electron  acceptor. 

There  was  no  evidence,  however,  that  ferredoxin  catalyzes  an 
anaerobic,  cyclic  photophosphorylation,  when  oxygen  evolution  is 
effectively  inhibited  by  the  presence  of  CMU.   Such  evidence  was 
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recently  obtained  by  Tagawa  et  al.  (11)  who  found  that  ferredoxin 
catalyzes  an  anaerobic  cyclic  photophosphorylation  in  chloroplasts 
which  proceeds  in  the  presence  of  CMU  and  without  the  addition  of 
other  cofactors.  A  notable  feature  of  this  endogenous,  ferre- 
doxin-catalyzed  cyclic  photophosphorylation,  which  distinguishes 
it  from  other  types  of  cyclic  photophosphorylation  in  chloro- 
plasts, is  its  sensitivity  to  antimycin  A  and  to  low  concentra- 
tions of  dinitrophenol  (11,12).   Since,  in  mitochondria  antimycin 
A  inhibition  is  considered  to  be  indicative  of  the  participation 
of  cytochrome  b  in  electron  transport  (50>51)>  the  sensitivity 
to  antimycin  A  suggests  a  possible  participation  of  the  cyto- 
chrome bg  component  of  chloroplasts  (52,53)  in  the  ferredoxin- 
catalyzed  cyclic  photophosphorylation. 

A  previously  puzzling  feature  of  cyclic  photophosphorylation 
in  isolated  chloroplasts,  a  feature  which  distinguished  it  from 
cyclic  photophosphorylation  in  bacterial  chroma tophores,  was  a 
dependence  on  an  added  electron  carrier  such  as  vitamin  K  or 
phenazine  methosulfate.  A  possible,  though  heretofore  experi- 
mentally unsupported,  explanation  of  this  difference  was  that 
chloroplasts,  but  not  chroma tophores,  lost  a  soluble  constituent 
in  the  process  of  isolation.   The  recent  findings  point  to  chloro- 
plast  ferredoxin  as  being  the  water-soluble  constituent  of  cyclic 
photophosphorylation  which  is,  at  least  in  part,  lost  from  chlcto- 
p lasts  when  they  are  removed  from  the  cell.   However,  it  is  still 
premature  to  say  what  role  bacterial  ferredoxins  play  in  the 
mechanism  of  bacterial  photophosphorylation. 

As  previously  mentioned,  ferredoxin  appears  to  be  a  junction 
in  chloroplasts  for  the  electron  transport  systems  that  lead  to 
either  cyclic  or  noncyclic  photophosphorylation.   Since  we  now 
know  that  TPN  is  required  for  noncyclic  photophosphorylation  but 
not  for  cyclic  photophosphorylation,  it  follows  that  when  the 
photoreduced  ferredoxin  is  reoxidized  by  TPN  (via  the  flavopro- 
tein  reductase),  noncyclic  photophosphorylation  would  result. 
When  oxidized  TPN  is  unavailable  as  an  electron  acceptor,  the 
photoreduced  ferredoxin  would  be  reoxidized  (directly  or  indirect- 
ly) by  a  cytochrome  component  of  the  grana,  and  cyclic  photophos- 
phorylation would  result.   It  is  thus  possible  to  envisage  that 
the  availability  of  TPN  as  an  electron  acceptor  might  serve  as  a 
physiological  regulator  between  cyclic  and  noncyclic  photophos- 
phorylation.  Evidence  for  this  view  has  recently  been  reported 
(11). 

Analysis  of  chloroplast  reactions  with  monochromatic  light. 
The  photoreduction  of  ferredoxin  and  the  resultant  cyclic  or 
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noncyclic  photophosphorylation  were  found  to  be  basically  inde- 
pendent of  photoproduction  of  oxygen  by  chlorop lasts  (12).   To 
demonstrate  this  independence  it  was  necessary  to  use  special  ex- 
perimental devices  such  as  inhibitors  of  oxygen  evolution,  anaer- 
obic conditions  and,  most  recently,  monochromatic  light  (12)  at 
a  wavelength  (663  m^)  which  is  absorbed  by  both  chlorophylls  a 
and  b  and  at  a  wavelength  (7O8  m^)  which  is  absorbed  by  the 
chlorophyll  a  pigment  system  but  not  by  chlorophyll  b  (5^). 

The  main  results  may  be  summarized  as  follows.  At  7O8  mu* 
i.e.,  at  a  wavelength  at  which  light  absorption  by  chlorophyll  b 
was  excluded,  isolated  chloroplasts  were  unable  to  use  water  as 
a  hydrogen  donor  but  retained  the  photoactivity  which  did  not 
depend  on  water  as  a  hydrogen  (electron)  donor.   Thus,  little 
oxygen  evolution  (Table  1  in  ref .  12)  was  observed  at  708  myx 
(see  also  ref.  55),  but  at  this  wavelength  chloroplasts  were 
able  to  photoreduce  ferredoxin  and  sustain  a  ferredoxin-catalyzed 
cyclic  photophosphorylation.   (Contrary  to  other  reports  (56)  we 
found  no  cyclic  photophosphorylation  at  708  m\i  with  phenazine 
methosulfate.)  At  7O8  m^,  chloroplasts  were  also  able  to  sustain 
a  noncyclic  photophosphorylation  coupled  with  TPN  reduction  but 
only  when  ascorbate-DPIP  couple  was  supplied  to  replace  water  as 
the  hydrogen  donor  system.  The  presence  or  absence  of  air  had 
no  special  effect  on  either  cyclic  or  noncyclic  photophosphory- 
lation at  708  m\x. 

The  photoactivity  of  isolated  chloroplasts  at  663  miji  differed 
from  that  at  7O8  mn  but  was  essentially  the  same  as  in  white 
light.   Both  chlorophyll  a  and  b  were  able  to  absorb  light  at 
this  wavelength;  water  served  as  the  electron  donor  for  the 
photoproduction  of  ferredoxin,  and  the  resulting  reduction  of 
TPN  and  noncyclic  photophosphorylation  was  accompanied  by  oxygen 
evolution. 

At  663  mn,  the  presence  or  absence  of  oxygen  had  little  effect 
on  noncyclic  photophosphorylation  but  had  a  marked  effect  on 
cyclic  photophosphorylation  catalyzed  by  ferredoxin.   In  the 
absence  of  oxygen,  ferredoxin-catalyzed  cyclic  photophosphoryla- 
tion occurred  only  when  electron  transport  from  water  was  blocked 
by  the  addition  of  CMU.   No  addition  of  CMU  was  required  for  a 
ferredoxin-catalyzed  cyclic  photophosphorylation  at  663  m^i  in 
air  or,  it  will  be  recalled,  under  either  aerobic  or  anaerobic 
conditions  at  708  m\x.      Thus  the  presence  of  oxygen  was  necessary 
for  ferredoxin-catalyzed  cyclic  photophosphorylation  only  when 
the  flow  of  electrons  from  water  remained  open;  no  oxygen  was 
necessary  when  the  electron  flow  from  water  was  blocked,  either 
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by  the  use  of  an  inhibitor  (CMU)  at  66'^  m\x   or  by  the  use  of  far- 
red  monochromatic  light  (708  m^) .  A  possible  explanation  of 
these  effects  of  oxygen  will  be  given  later. 

Roles  of  chlorophylls  a  and  b  in  chloroplast  electron  trans- 
port. The  results  obtained  with  monochromatic  light  support  and 
extend  our  earlier  tentative  conclusion  (8)  that  the  participa- 
tion of  chlorophyll  b  is  essential  for  oxygen  evolution  but  not 
for  TPN  reduction  and  ATP  formation. 

The  diagram  shown  in  Fig.  9  incorporates  the  new  data  into 
our  1961  scheme  of  electron  transport  in  chlorop lasts  (Fig.  3  in 
ref.  7).  We  envisage  that  noncyclic  photophosphorylation  by 
chloroplasts  is  coupled  with  an  "uphill"  flow  of  electrons  from 
water  (0H~)  to  TPN--an  electron  flow  which  is  driven  by  two 
photochemical  reactions  working  in  series  (cf.  57).  The  first 
photoreaction  lifts  electrons  from  the  redox  potential  (at  pH  7) 
of  water-oxygen  (E'q  =  0.82  V)  to  that  of  plastoquinone  (E^'^'O  V) 
and  requires  the  participation  of  chlorophyll  b  (henceforth  re- 
ferred to  as  photoreaction  B) .   The  second  photoreaction  lifts 
electrons  from  the  level  of  cytochrome  f  (E'q  =  O.365  V)  to  that 
of  ferredoxin  (E'^  =  -0.^3  V)  and  is  driven  by  the  chlorophyll  a 
pigment  system  (henceforth  referred  to  as  photoreaction  A).   A 
"primary"  phosphorylation  site,  common  to  both  the  cyclic  and 
noncyclic  photophosphorylation  pathways,  is  considered  to  be 
coupled  with  a  "downhill,"  dark  electron  transfer--one  favored 
by  the  thermodynamic  gradient--which  joins  the  two  photochemical 
reactions  and  probably  involves  a  transfer  of  electrons  from 
plastoquinone  (Q)  to  the  chloroplast  cytochromes  and  thence  to 
chlorophyll  a  (long  black  arrow  in  Fig.  9).   In  addition,  the 
ferredoxin-catalyzed  cyclic  photophosphorylation  is  envisaged  as 
having  a  least  one  more  phosphorylation  site,  coupled  with  the 
electron  transport  sector  that  is  marked  in  Fig.  9  by  a  broken 
line. 

Role  of  oxygen  in  cyclic  photophosphorylation.   The  differ- 
ential oxygen  effect  on  ferredoxin-catalyzed  cyclic  photophos- 
phorylation at  663  and  7O8  mn,  mentioned  previously,  is  explained 
by  the  following  hypothesis.   Noncyclic  electron  flow  in  chloro- 
plasts is  a  unidirectional  electron  transfer  from  water  to  TPN 
and  is  driven  by  both  photoreactions  B  and  A.   The  problem  of 
"overreduction"  of  intermediate  electron  carriers  does  not  arise 
as  long  as  the  terminal  electron  acceptor,  TPN,  is  available.  A 
different  situation,  however,  arises  in  the  case  of  cyclic  photo- 
phosphorylation.  To  maintain  a  cyclic  electron  flow  from  reduced 
ferredoxin  back  to  the  electron  transport  chain,  the  intermediates 
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in  the  chain  must  be  at  least  partly  oxidized.  If  they  are  kept 
in  a  reduced  form  they  cannot  accept  electrons  from  reduced  fer- 
redoxin. 

Our  hypothesis  proposes  that  molecular  oxygen  acts  as  a  redox 
"buffer"  for  the  electron  transport  chain  involved  in  cyclic 
photophosphorylation  by  chloroplasts .   In  the  presence  of  oxygen, 
the  electrons  from  water  cannot  overreduce  the  electron  carriers 
in  the  electron  transport  chain.  Without  this  "buffering"  effect 
of  oxygen,  the  flow  of  electrons  from  water  (through  photoreac- 
tion  B)  overreduces  the  components  of  the  electron  transport 
chain  in  chloroplasts  and  the  endogenous  cyclic  photophosphory- 
lation via  ferredoxin  cannot  proceed. 

The  hypothesis  just  presented  is  supported  by  experiments 
with  two  beams  of  light  (13),  as  illustrated  in  Fig.  10.   Fig.  10 
shows  that,  under  anaerobic  conditions,  cyclic  photophosphoryla- 
tion at  708  mn  is  inhibited  by  the  addition  of  a  second  monochro- 
matic beam  of  light  at  663  m^.   This  chromatic  inhibition,  which 
we  attribute  to  overreduction  by  the  663  mn  beam,  occurred  imme- 
diately when  illumination  by  the  combined  7O8  and  663  mpi  beams 
was  preceded  by  preillumination  (under  Ng)  at  663  m[x   (bottom 
curve.  Fig.  10).  Without  an  anaerobic  preillumination  treatment, 
the  inhibitory  effect  of  the  663  mji  beam,  added  to  the  708  m^ 
beam,  was  observed  only  after  k   min.   Evidently  an  interval  of 
time  was  needed  to  bring  about  a  sufficient  state  of  overreduc- 
tion by  the  663  m^  beam. 

Photochemical  activity  of  subcellular  preparations  of  blue- 
green  algae.   In  blue-green  algae,  phycobilins  and  not  chlorophyll 
b  constitute  the  "accessory"  pigment  system  for  chlorophyll  a. 
The  phycobilin  pigments  are  water  soluble  and  can  be  readily 
separated  from  chlorophyll  a.   Thus,  cell-free  preparations  of 
blue-green  algae  offer  attractive  possibilities  for  testing  the 
view  that  the  photoproduction  of  oxygen  depends  on  the  accessory 
pigment  system  and  can  be  experimentally  separated  from  photo- 
phosphorylation and  TPN  reduction. 

Thomas  and  DeRover  (58)  have  already  reported  that  a  loss  of 
phycocyanin  is  associated  with  a  loss  of  oxygen  evolution  by 
cell  macerates  of  blue-green  algae.   Petrack  and  Lipmann  (23) 
found  that  fragments  of  Anabaena  cells  which  lost  phycocyanin  and 
the  capacity  for  oxygen  evolution  still  retained  a  capacity  for 
cyclic  photophosphorylation.   Black  et  al.  (59)  showed  that  cell- 
free  preparations  of  blue-green  algae  contain  ferredoxin  and  are 
able  to  photoreduce  TPN  with  either  water  or  ascorbate-DPIP  as 
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the  electron  donor  system. 

Mitsui  and  Arnon  (60)  have  compared  the  photochemical  activity 
of  two  kinds  of  particles,  "blue"  and  "green",  from  Nostoc.   The 
blue  particles  (prepared  with  carbowax  (6I)  and  dextrin)  con- 
tained both  chlorophyll  a  and  phycocyanin  whereas  the  green 
particles  (prepared  with  carbowax  only)  contained  little  of  the 
phycocyanin  pigment. 

Table  5 
Noncyclic  Electron  Flow  in  Blue  and  Green 
Nostoc  Chroma tophores  (60) 

Green  chroma tophores 
O2  evolved   TPN  reduced 
(jmoles 

O.k  0.9 

0.2  6.2 

As  shown  in  Tables  5  ar^d  6,  both  blue  and  green  Nostoc  parti- 
cles were  able  to  carry  out  cyclic  photophosphorylation  with 
phenazine  methosulfate  and  photoreduce  TPN  with  the  ascorbate- 
DPIP  couple  as  the  electron  donor  system.   However,  the  green 
particles  had  only  a  feeble  capacity  for  TPN  reduction  (and 
oxygen  evolution)  when  water  was  the  electron  donor.  By  contrast^ 
the  blue  particles  were  able  to  use  water  effectively  as  the 
electron  donor  for  a  reduction  of  TPN  and  a  coupled  oxygen  evolu- 
tion. 

Table  6 

Cyclic  Photophosphorylation  in  Blue  and  Green 
Nostoc  Chromatophores  (60) 

Blue  chroma tophores  Green  chromatophores 
nmoles  ATP  formed 
Light         3.8  3.8 

Dark  O.5  O.k 

These  results  are  consistent  with  the  view  that  in  particles 
of  blue-green  algae,  as  in  chloroplasts,  the  accessory  photo- 
synthetic  pigment  is  required  for  photoproduction  of  oxygen,  but 
not  for  photophosphorylation  and  TPN  reduction  per  se. 

Concluding  remarks.   Extensive  work  from  several  laboratories, 
mainly  with  intact  cells,  has  led  to  a  now  widely  held  view  that 
photosynthesis  in  green  plants  involves  the  cooperation  of  at 
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least  two  pigment  systems,  each  of  which  carries  out  separate 
partial  reactions  essential  to  the  over-all  process  (see  review, 
62).   Recent  work  with  isolated  chloroplasts,  in  which  the  par- 
tial reactions  of  photosynthesis  have  been  experimentally  separ- 
ated, has  contributed  biochemical  evidence  in  support  of  the 
idea  of  at  least  two  collaborative  photoreactions.   Photoproduc- 
tion  of  oxygen  requires  the  participation  of  chlorophyll  b  but 
light  absorption  by  this  pigment  is  not  essential  for  the  photo- 
reduction  of  ferredoxin  and  the  ensuing  TPN  reduction  and  photo- 
phosphorylation.   These  seem  to  be  associated  with  the  chloro- 
phyll a  pigment  system.   Ferredoxin  is  assigned  a  key  role  in  the 
energy  conversion  process  in  chloroplasts  as  an  electron  carrier 
in  both  cyclic  and  noncyclic  photophosphorylation.   A  hypothesis 
is  presented  which  attributes  to  molecular  oxygen  gas  the  func- 
tion of  a  redox  "buffer"  in  cyclic  photophosphorylation  by 
chloroplasts. 
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Hydrogenose  from 
Desu^fovibrb 


Fig.  1.   Effect  of  extracting 
and  restoring  plastoquinone  to 
spinach  chlorop lasts  on  photo- 
production  of  TPN  with  either 
water  (OH')  or  ascorbate  as 
electron  donor  (l8). 


30      40       50 
minutes 


Fig.  2.   Photoproduction  of 
hydrogen  gas  by  spinach  chlor- 
oplasts  supplemented  by  a 
hydrogenase  from  Desulf qvibrio 
desulfuricans.  H2  was  identi- 
fied  by  adsorption  on  palla- 
dium asbestos  (Pd-asb)  (22,25> 
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Hydrogenic  photophosphorylotion 
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Fig.  3*   Photoproduction  of 
hydrogen  coupled  with  photo- 
phosphorylation  by  spinach 
chloroplasts  supplemented 
with  a  hydrogenase  from 
Desulfovibrio  desulfuricans 


hydrogenase 


flovoprotein 


Fig.  5.   Diagrammatic  repre- 
sentation of  the  role  of 
ferredoxin  as  an  electron 
carrier  (9) . 
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Fig.  ^.   Microphotograph  of 
crystalline  f erredoxin-TPN 
reductase  (30) • 


Fig.  6.   Microphotograph  of 
crystalline  spinach  ferre- 
doxin  (9) . 
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Fig.  7.   Microphotograph  of  crystalline  Chroma tium  ferredoxin 
(Bachofen,  Oda  and  Arnon,  1963). 


212 


Daniel   I.   Arnon 


150 


I 


Fig.  8.  Microphotograph  of 
crystalline  ferredoxin  from 
Nostoc  (60) . 
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Fig.  10.   Effect  of  additional 
illumination  at  663  ni|i  on 
ferredoxin-dependent  cyclic 
photophosphorylation  at  7O8  n>n 
under  anaerobic  conditions  (13). 
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Fig.  9.   Scheme  for  two  photoreactions  and  their  relation  to 
cyclic  and  noncyclic  photophosphorylation  in  chloroplasts  (13) • 


CHARACTERISTICS  OF  TRITIUM  INCORPORATION  INTO 
ILLUMINATED  CHLOROPLASTS 

Brlaji  Colmaii  and  Wolf  Vishniac 


It  has  been  shown  in  previous  experiments  (1,2),  that 
chloroplasts,  incubated  with  tritiim  labeled  water  in  the  light, 
incorporate  tritium  into  chlorophyll  a.  More  tritium  is  incorp- 
orated in  light  than  in  the  dark  and  little  incorporation  takes 
place  with  boiled  chloroplasts.  The  tritium  label  of  the  chloro 
-phyll  was  found  to  be  stable  to  acid  but  unstable  to  alkali, 
which  suggested  that  the  chlorophyll  was  labeled  at  the  C-10 
position. 

Quantitative  evaluation  of  the  data  was  rendered  difficult 
by  the  unexplained  loss  of  radioactivity  from  samples  of  purif- 
ied chlorophyll  a  stored  in  organic  solvents  at  -15°.  This  loss 
has  been  found  to  be  much  more  rapid  when  samples  are  dried  prior 
to  counting  in  a  windowless  gas  flow  counter,  and  makes  it  impos- 
sible to  follow  the  kinetics  of  photo synthetic  incorporation.  In 
order  to  minimize  the  loss  of  activity,  samples  were  placed  in 
the  counter  while  still  in  solution  and  allowed  to  dry  in  the 
stream  of  counting  gas.  By  this  procedure  the  rate  at  which  radio 
-activity  dissappeared  from  labeled  chlorophyll  could  be  followed. 
Labeled  chlorophyll  a  was  obtained  from  chloroplasts  which  had 
been  illuminated  in  suspension  together  with  tritiated  water.  The 
chloroplasts  were  extracted  with  acetone,  the  acetone  fraction 
transferred  to  heptane,  and  chlorophyll  a  rapidly  separated  from 
the  other  pigments  by  chromatography  on  thin  layers  of  powdered 
sugar.  (Sucrose  is  applied  to  glass  plates  as  a  suspension  in 
methanol;  the  small  amount  of  sucrose  that  dissolves  in  the  meth 
-anol  serves  to  bind  the  remainder  to  the  plate).  Figure  1,  curve 
2,  shows  the  loss  of  radioactivity  from  labeled  chlorophyll  a 
isolated  from  chloroplasts.  Curve  1.  illustrates  a  similar  decay, 
but  here  the  chlorophyll  was  labeled  chemically.  Purified  chloro 
-phyll  a  in  ether  was  treated  with  tritiated  water  and  2%  pyridine 
at  laboratory  temperature.  The  enol-keto  tautomerization  resulting 
from  this  treatment  with  base,  presimjably  leads  to  the  replacement 
of  the  protium  on  C-10  with  tritivma. 
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Chlorophyll  a  treated  with  tritiated  water  under  neutral 
conditions,  that  is  in  boiling  ether,  incorporates  only  a  fraction 
of  the  activity  of  that  treated  under  basic  conditions  and  the 
resultant  label  is  relatively  stable  (Fig. 2,  curve  2,  cf.  curve  1.)- 
Phaeophytin  a  labeled  by  each  of  the  two  procedures  shows  the  same 
types  of  decay  as  chlorophyll  a.  During  the  loss  of  radioactivity 
there  is  no  chemical  change  in  the  chlorophyll  or  phaeophytin  as 
judged  by  spectroscopic  observation.  Allomerized  chlorophyll  a, 
prepared  by  the  oxidation  of  chlorophyll  a  in  methanol  with  gaseous 
oxygen,  was  treated  with  tritiated  water  in  2fo  pyridine  in  ether. 
The  small  amount  of  radioactivity  incorporated  and  its  stability 
(Fig. 2,  curve  3)  are  consistent  with  the  notion  that  the  tritium 
label  of  the  intact  chlorophyll  a  is  located  on  C-10.  Heating 
allomerized  chlorophyll  a  in  ether  in  the  presence  of  TOH  did  not 
lead  to  significant  labeling  either. 

The  loss  of  radioactivity  from  chlorophyll  does  not  reflect 
evaporation  of  tritiated  water  originally  introduced  into  the 
reaction  mixture.  The  procedure  for  the  isolation  of  the  chloro- 
phyll precludes  the  retention  of  any  such  water.  Instead  the 
disappearance  of  tritium  suggests  that  it  is  either  given  off  as 
water  vapor  or  as  hydrogen  gas  resulting  from  an  unknown  exchange 
reaction. 

The  light-dependant  incorporation  of  tritiim  into  chloroplast 
components  is  affected  by  CMU  (p-chlorophenyl-l,l-dimethyl  urea). 
CMJ  has  been  reported  (3,i+)  to  inhibit  the  Hill  reaction,  the 
reduction  of  TPN  and  photo synthetic  phosphorylation  in  chloroplast 
preparations.  Pea  chloroplasts  were  incubated  with  tritiated  water 
under  the  conditions  described  in  Table  1.  At  the  end  of  the 
experiment,  the  chloroplasts  were  extracted  with  acetone  and  the 
acetone  fraction  transferred  to  heptane.  The  residue  of  the  chloro 
-plasts  was  then  succesively  extracted  with  isooctane,  methanol 
and  water.  The  data  in  Table  1.  confirm  the  earlier  results  that 
more  activity  is  taken  up  by  the  component  pigments  of  the  heptajie 
fraction  in  the  light  than  in  the  dark,  and  also  show  that  this 
light  stimulated  uptake  is  inhibited  by  CMU. 

The  accximulation  of  tritium  in  the  isooctane  fraction  in  the 
presence  of  CMU  is  interesting.  This  fraction  contains  at  least 
two  quinones  which  incorporate  tritium  from  water  in  the  light. 
While  tritium  incorporated  into  a  quinone  would  be  expected  to  be 
readily  exchangeable  with  water,  it  had  been  suggested  to  us  by 
Dr.  Calvin  that  the  retained  activity  could  result  from  the 
rearrangement  of  a  suitable  reduced  quinone,  for  example,  reduced 
Co  Q,  to  form  a  chroman  ring  with  the  concomitant  migration  of 
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the  hydroxyl  tritium  to  the  side  chain.  Upon  reoxidation  the  label 
would  therefore  be  located  on  the  phytol  side  chain.  In  a  model 
experiment,  purified  Co  Q  from  Chromatiiom  was  reduced  with  NaBHj^ 
in  the  presence  of  TOH,  reoxidised  with  silver  oxide,  and  reiso- 
lated.  The  retention  of  tritium  by  the  Co  Q  to  the  extent  of  half 
the  specific  activity  of  the  TOH,  confirmed  the  possibility  of 
labeling  the  q.uinone  by  the  mechanism  which  Dr.  Calvin  had 
proposed. 

The  methanol  fraction  contains  six,  and  the  water  fraction 
two  chromatographically  separable,  but  unidentified  compounds,  all 
of  which  incorporate  more  tritium  in  the  light  than  in  the  dark. 

Although  we  cannot  explain  the  accumulation  of  tritium  in  the 
isooctane  fraction,  the  inhibition  by  CMU  of  tritium  incorporation 
into  photo synthetic  pigments  is  a  further  indication  that  tritium 
can  serve  as  a  useful  tracer  in  the  investigation  of  photo synthetic 
events. 


Table  1.   Incorporation  of  tritium  by  chloroplasts 
in  the  presence  of  CMU. 


Fraction 

Dark 

T.ight 

Heptane 

No  CMU 

+CMU 

No  CMU 

+CMU 

13,8^^0 

16, 400 

8U,U00 

10,800 

Isooctane 

9,1+50 

18,350 

17,700 

31+9,000 

Methanol 

165,000 

150,500 

358,000 

i+17,000 

Water 

9,350 

15,550 

16, 300 

16,1+00 

Figures  in  c.p.m.  The  reaction  mixture  contained  chloroplasts 
(5  mg  chlorophyll)  in  sucrose-potassivma  phosphate,  pH  7,  100  mC 
H^OH,  and  CMU  (lO"%)  where  indicated.  Total  volume  1.0  ml. 
Temperature  10°C. 
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Figure  1.  Loss  of  radioactivity  from  dry  chlorophyll  samples. 

Cxarve  1:  Chlorophyll  a  treated  with  H-^OH  in  ether  plus 

2io   pyridine. 

Curve  2:  Chlorophyll  a  isolated  from  chloroplasts 

illuminated  in  presence  of  H  OH. 

Ordinate  in  c.p.m.  per  sample  counted. 
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Figure  2.  Characteristics  of  tritiiom  labeling  of  chlorophyll  a 
and  allomerized  chlorophyll  a.  ^ 

Curve  1:  Purified  chlorophyll  a  treated  with  H  OH  in 
ether  +  2^  pyridine. 

Curve  2:  Purified  chlorophyll  a  boiled  in  ether  with  H-^OH 
Curve  3:  Allomerized  chlorophyll  a  treated  with  H^OH 
in  ether  +  2fo  pyridine. 
Ordinate  in  c.p.m.  per  sample  counted. 
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INDOPHENOL  DYES:   CATALYSTS  AND  UNCOUPLERS 
OF  PHOTOPHOSPHORYLATION 

Donald  L.  Kelster 

The  indophenol  dyes,  especially  2 ,6-dlchloroindophenol  (DCI) 
and  2,3' ,6-trlchloroindophenol  (TCI)  have  been  known  to  be    .^. 
excellent  oxidants  for  measuring  the  Hill  reaction  since  ig'^S^  '> 
In  195'iC2),  the  demonstration  was  made  that  isolated  chloroplasts 
under  the  influence  of  light  could  phosphorylate  ADP  and  in 
1958'35  it  was  discovered  that  the  reduction  of  TPN  was  accom- 
panied by  ATP  formation.   Subsequently  it  has  been  shown  that  ATP 
formation  was  coupled  to  the  reduction  of  other  Hill  oxidants 
including  ferricyanide ,  FMN  and  cytochrome  c.      However,  it  has 
been  reported  in  the  literature  that  the  reduction  of  the  iodo- 
phenol  dyes  was  not  accompanied  by  photophosphorylation^  »^ K 
This  view  has  led  to  the  postulation  that  these  compounds  were 
reduced  by  some  component  of  the  electron  transport  chain  prior 
to  the  site  of  phosphorylation. 

Earlier  this  year  three  widely  separated  groups,  Shen  et  gj..^°^ 
in  China,  Gromet-Elhanan  and  Avron^'^  in  Israel,  and  our  own^^^ , 
independently  discovered  that  phosphorylation  was  coupled  to  the 
reduction  of  indophenols.   These  compounds  are  potent  uncouplers 
of  photophosphorylation  in  their  oxidized  form  and  therein  lies 
the  reason  that  the  phosphorylation  coupled  to  their  reduction 
was  previously  overlooked, 

METHODS 

Unless  otherwise  specified  each  reaction  mixture  per  3  ml 
contained  the  following  in  umoles:   Tris,  150;  ADP,  2;  MgClp,  5; 
^^Pi,  2-10;  and  chlorophyll  as  noted.   After  illumination  the 
reactions  were  terminated  by  the  addition  of  0.3  ml  of  50% 
trichloroacetic  acid  (TCA)  and  uptake  of  32pi  determined  as 
previously  noted^°\   Anaerobic  experiments  were  performed  in 
Warburg  flasks  or  in  50  ml  Erlenmeyer  flasks  fitted  for  flushing 
with  gas.   The  flasks  were  flushed  with  a  strong  stream  of  argon 
and  shaken  throughout  the  experiment.   Ten  minutes  of  flushing 
was  found  sufficient  to  remove  essentially  all  the  oxygen.   Where 
reduced  DCI  or  TCI  was  added,  it  was  reduced  with  hydrogen  using 
platinum  asbestos  as  catalyst  thus  eliminating  any  other  reducing 
agents.   One  drop  of  bromine  water  was  added  to  samples  for  J'^Pi 
uptake  determinations  after  the  addition  of  TCA  to  oxidize  the 
reduced  indophenols  and  prevent  their  interference  with  the 
determination.   Cytochrome  c  was  the  Type  III  preparation  of  the 
Sigma  Chemical  Company. 
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PHOSPHORYLATION  COUPLED  TO  THE  REDUCTION  OF  INDOPHENOLS 

The  phosphorylation  coupled  to  the  reduction  of  the  indophenol 
dyes  was  demonstrated  by  all  three  of  the  above  mentioned  groups 
by  using  very  low  concentrations  of  dye  and  measuring  the  small 
amount  of  ATP  formed  by  the  incorporation  of  high  specific 
activity  ^^?i   into  ATP  during  short  illumination  periods. 
Gromet-Elhanan  and  Avron^7)  using  5  x  lO-^M  DCI  and  short  illumi- 
nation periods  measured  ATP  formation  at  rates  up  to  I63  ymoles/mg 
chlorophyll/hr.   They  further  demonstrated  that  the  reduction  of 
DCI  was  stimulated  by  the  inclusion  of  a  phosphate  acceptor 
system  (ADP,  Mg"*"*" ,  and  Pi)  or  by  ammonium  chloride,  a  well-known 
uncoupler  of  photophosphorylation.   These  criteria  place  this 
compound  in  the  same  category  as  ferrlcyanide^y  ^  and  tpn <>■'■"''  as 
Hill  oxidants. 

Shen  et_  al. ^^^  using  essentially  the  same  techniques  but  with 
higher  light  intensities  demonstrated  that  rates  of  ATP  formation 
up  to  6^40  ymoles/mg  chlorophyll/hr  could  be  obtained  with 
1.28  X  10-5M  DCI  with  an  ATP:2e-  ratio  of  1.0.   This  is  the 
highest  rate  yet  reported  for  a  non-cyclic  phosphorylation. 

Keister^ ^^  first  noted  that  TCI  would  catalyze  ATP  formation 
while  studying  the  photoreduction  of  cytochrome  £  by  chloro- 
plasts^ll''.   This  is  illustrated  in  Fig.  1. 
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Fig.  1.   The  effect  of  TCI  concentration  on  phosphorylation 
coupled  to  cytochrome  c  reduction.   The  reaction  mixture, 
pH  7.5,  contained  3  ymoles  KCN,  3.8  mg  cytochrome  c,  and 
10  wg  chlorophyll  in  addition  to  those  described  in  methods. 
Illumination  was  for  2  min  with  5000  ft.  candles  of  light. 


In  this  system  TCI  was  reduced  photochemically  and  oxidized  by 
cytochrome  £.   Thus,  the  TCI  remains  primarily  in  the  oxidized 
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form.  Under  these  conditions  ATP  formation  was  observed  to 
accompany  cytochrome  c  reduction  with  an  ATP:2e-  ratio  that 
approached  1.0  at  low  TCI  concentrations  (3  x  10"°M). 

INDOPHENOLS  AS  UNCOUPLERS  OF  PHOTOPHOSPHORYLATION 

Fig.  1  also  illustrates  the  uncoupling  effect  of  TCI.   As  the 
TCI  concentration  was  increased  the  rate  of  cytochrome  £  reduction 
was  stimulated  while  ATP  formation  was  Inhibited  until  at 
2.5  X  10"5m  TCI,  very  little  ATP  synthesis  occurred.   This 
clearly  demonstrates  the  uncoupling  effect  of  the  oxidized 
indophenols.   A  further  demonstration  of  this  uncoupling  effect 
is  illustrated  in  Fig.  2  which  shows  the  inhibition  of  cyclic 
photophosphorylation  by  TCI.   This  experiment  was  performed  under 
argon  in  the  presence  of  10~5m  £_-chlorophenyl-l  ,1-dimethylurea 
(CMU)  to  inhibit  dye  reduction  and  thus  maintain  the  TCI  in  its 
oxidized  form.   Under  these  conditions,  TCI  increasingly  inhibits 
cyclic  phosphorylation  with  almost  complete  inhibition  by  10  M 
TCI.   The  curve  labelled  "reduced  TCI"  (Fig.  2)  demonstrates  that 
the  reduced  form  of  the  dye  has  no  inhibiting  effect.   Avron  and 
Jagendorf^^^)  first  observed  the  inhibition  of  cyclic  phosphoryla- 
tion by  TCI  but  at  that  time  concluded  that  the  dye  was  interfer- 
ing with  electron  transport  reactions  rather  than  uncoupling  or 
inhibiting  phosphate  transfers. 
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Fig.  2.   The  inhibition  of  cyclic  phosphorylation  by  TCI. 
The  reaction  mixture,  pH  8.2,  contained  0.06  ymole  pyocyanin, 
0.03  umole  CMU,  and  22  ug  chlorophyll  In  addition  to  those 
described.   The  reaction  was  run  in  Warburg  vessels  with 
pyocyanin,  TCI,  and  CMU  being  tipped  in  after  flushing  for 
10  min  with  argon.   The  control  rate  of  phosphorylation 
during  a  6  min  illumination  period  with  pyocyanin  alone 
was  21i)  umoles/mg/hr  which  was  inhibited  20?5  by  CMU. 
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Shen  et  al. ^^^  have  also  concluded  that  the  indophenols  are 
uncouplers  of  phosphorylation  from  two  types  of  experiments. 
They  have  previously  shown  that  ATP  formation  and  light-induced 
electron  transport  could  be  separated  by  pre-illuminating  chloro- 
plasts  in  the  presence  of  phenazine  methosulfate  (PMS)  but 
without  AD?  and  Pi.   After  a  short  but  intense  illumination,  the 
addition  of  ADP  and  32pi  results  in  the  formation  of  ATP^-^^-". 
When  increasing  concentrations  of  DCI  was  added  along  with  the 
ADP  and  Pi,  the  ATP  formation  was  inhibited  up  to  85%   by  10"  M 
DCI  while  the  reduced  dye  had  no  effect.   This  type  of  inhibition 
was  interpreted  as  uncoupling.   In  addition  they  have  measured 
ATP  formation  and  electron  transport  by  chloroplasts  in  a  system 
containing  both  DCI  and  ferricyanide.   With  only  ferricyanide 
present  an  ATP:2e~  ratio  of  1.26  was  measured.   With  increasing 
concentrations  of  DCI  the  ratio  decreased  until  complete  inhibi- 
tion of  ATP  formation  was  observed  with  lO'^'M  DCI.   Ferricyanide 
reduction  was  stimulated  25%  by  this  concentration  of  dye. 

Fig.  3  illustrates  this  uncoupling  effect  of  both  DCI  and  TCI 
on  ferricyanide  coupled  photophosphorylation.   Complete  uncoupling 
was  observed  with  7  x  10-°M  TCI  while  almost  a  ten-fold  higher 
concentration  of  DCI  was  required  for  complete  uncoupling. 
3'-chloroindophenol  was  also  shown  to  be  an  uncoupler  at  higher 
concent rat  ions . 
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Left)  The  uncounline  effect  of  indophenols  on 
ide  coupled  phosphorylation.   The  reaction 
pK  B.O,  contained  ?    umoles  of  ferricyanide 
g  chlorophyll  in  addition  to  those  described 
s. 

Right)  The  time  course  of  TCI  reduction  and  ATP 
.   The  reaction  mixture,  pH  8.0,  contained 
"'^M  TCI  and  112  ug  chlorophyll  in  addition  to 
cribed  in  methods  per  3  ml  of  solution.   One  ml 
ere  removed  for  measurement  of  J'^Pi  uptake  and 
t  ion . 
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Losada  e^  a_l.  ^-'-^^  first  reported  that  when  indophenols  were 
added  to  a  reaction  containing  ferricyanide  the  rate  of  oxygen 
evolution  was  accelerated,  whereas  the  coupled  phosphorylation 
was  inhibited.   Since  they  also  found  that  there  was  no  inhibi- 
tion of  ATP  formation  coupled  to  TPN  reduction  by  the  same 
concentrations  of  dye  (in  fact  there  was  a  stimulation),  they 
proposed  that  the  indophenols  were  the  direct  electron  acceptors, 
not  coupled  to  phosphorylation,  which  were  reduced  at  a  point  in 
the  electron  transport  chain  prior  to  the  site  of  phosphorylation. 
In  the  TPN  system  the  indophenols  were  rapidly  reduced  and  not 
reoxidized  by  TPN  (the  reduced  dyes  are  not  uncouplers).   Also, 
oxygen  evolution  can  be  blocked  by  CMU,  and  ATP  formation  and  TPN 
reduction  restored  by  reduced  dye  and  ascorbate  ^-'•5) ,  thus 
eliminating  the  requirement  for  the  photooxidation  of  water.   On 
the  basis  of  these  observations  they  proposed  a  separation  of  the 
photooxidation  of  water  and  non-cyclic  phosphorylation  into  two 
distinct  photochemical  reactions.   Although  it  appears  that  these 
are  indeed  two  separate  reactions,  the  use  of  the  indophenol  dyes 
to  separate  them  was  not  valid  since  the  above  results  demon- 
strated that  there  was  ATP  formation  coupled  to  their  reduction 
and  that  they  are  potent  uncouplers. 

Shen  et_  al_.  (")  have  even  cast  some  doubt  on  whether  in  a 
system  containing  both  ferricyanide  and  indophenol,  that  the  dye 
is  the  direct  electron  acceptor.   Taking  advantage  of  the 
differential  inhibition  of  DCI  and  ferricyanide  reduction  by 
hydroxyquinoline  N-oxide^^°)  (HOQNO),  they  demonstrated  that  in  a 
system  containing  both  ferricyanide  and  DCI,  the  degree  of 
inhibition  by  HOQNO  corresponded  to  the  degree  of  inhibition 
observed  with  ferricyanide  alone  and  not  to  that  observed  with 
DCI  alone.   Thus  it  appears  that  in  the  DCI-ferricyanide  system, 
ferricyanide  is  the  direct  electron  acceptor  and  the  DCI  an 
inert  uncoupler. 

CYCLIC  PHOTOPHOSPHORYLATION 

The  ability  of  reduced  indophenols  to  reduce  a  photochemical 
oxidant  and  thus  restore  the  reduction  processes  in  chloroplasts , 
in  which  the  normal  process  has  been  blocked  by  inhibiting  oxygen 
evolution  either  with  CMU  or  aging' -^^^  has  been  established. 
From  these  results  it  could  have  been  postulated  that  the  reduced 
indophenols  should  catalyze  a  cyclic  electron  transport  since 
they  can  be  both  oxidized  and  reduced  by  chloroplasts.   This  was 
first  demonstrated  by  Trebst  and  Eck'-^^;  who  reported  that 
reduced  DCI  and  TCI  catalyzed  a  phosphorylation  by  chloroplasts 
that  was  not  inhibited  by  DCMU.   They  interpreted  this  as  a 
cyclic  phosphorylation.   These  results  were  later  confirmed  by 
three  laboratories (°~°) . 

Krogmann  and  Vennesland^^ )  earlier  had  reported  that  the 
indophenol  dyes  could  mediate  an  oxygen  dependent  photophosphory- 
lation  and  suggested  that  the  phosphorylation  occurred  upon  the 
photooxidation  of  the  dye  and  not  during  the  reduction.   This 
suggestion  was  based  upon:   1)  reduced  dyes  catalyzed  the  ATP 
formation;  2)  the  phosphorylation  was  inhibited  by  a  nitrogen 
atmosphere;  and  3)  DCMU  inhibition  could  be  reversed  by  reducing 
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the  indophenol  prior  to  illumination.   The  observations  can  all 
be  explained  by  cyclic  phosphorylation. 

Fig,  H   illustrates  a  time  course  of  the  reduction  of  TCI  and 
ATP  formation  under  aerobic  conditions.   There  was  no  ATP  forma- 
tion in  this  experiment  until  the  reduction  of  dye  had  almost 
reached  completion.   The  rate  of  phosphorylation  was  the  greatest 
Just  after  the  completion  of  dye  reduction  and  was  proportional 
to  time  thereafter.   The  ATP  formation  in  Krogmann  and  Vennesland's 
experiments  was  measured  only  at  a  single  time  interval,  and  thus 
the  inhibition  of  ATP  formation  before  the  dye  was  reduced  was 
overlooked. 

The  concentration  dependence  of  phosphorylation  with  DCI  and 
TCI  is  shown  in  Fig.  5.   Approximately  a  3-fold  higher  concentra- 
tion was  required  for  optimum  ATP  formation  under  argon  than  with 
an  air  atmosphere.   It  is  to  be  noted  that  concentrations  optimal 
for  aerobic  phosphorylation  catalyze  very  little  anaerobic 
phosphorylation  and  thus  would  appear  to  be  inhibited  by  removing 
oxygen.   One  explanation  for  the  different  optimal  concentrations 
is  that  the  reoxidation  of  the  dye  by  the  chloroplast  is  the  rate 
limiting  step  in  the  anaerobic  system  and  the  active  site  for  the 
oxidation  has  a  lower  affinity  for  the  dye  than  does  the  active 
site  for  the  reduction.   Since  the  autooxidation  of  the  indophenols 
by  oxygen  is  rather  marked  at  alkaline  pH's,  this  source  of 
oxidized  dye  would  enhance  the  turnover  of  dye  in  the  aerobic 
system  thus  shifting  the  optimal  concentration  toward  the  lower 
optimal  concentration  of  the  reducing  system.   Therefore,  a  lower 
concentration  would  be  required  for  the  aerobic  phosphorylation. 


The  effect  of  light  intensity  on  ATP  formation  with  reduced 
indophenols  as  compared  with  pyocyanln  and  FMN  is  illustrated  in 
Fig.  6.   The  FMN  and  pyocyanin  curves  are  identical  for  both  the 
aerobic  and  anaerobic  systems,  therefore,  only  one  curve  was 
drawn  for  each.   The  FMN  system  became  saturated  at  fairly  low 
light  intensities  as  has  been  previously  reported  for  fmN^^"^  and 
TPNH^^9;  which  catalyze  non-cyclic  phosphorylation,  whereas  the 
pyocyanin  which  catalyzes  cyclic  phosphorylation  did  not  saturate 
even  at  very  high  light  intensities^^^ ) .   Fig.  6  demonstrates 
that  under  aerobic  conditions  with  reduced  DCI  as  catalyst  of 
photophosphorylation  the  reaction  became  saturated  at  low  light 
intensities  similar  to  that  of  FMN,  whereas  under  argon  the 
curve  is  similar  to  that  of  pyocyanin  which  was  not  saturated 
with  light.   These  results  are  indicative  that  anaerobically  the 
indophenols  catalyze  a  cyclic  phosphorylation  similar  to  that  of 
pyocyanin,  whereas  with  oxygen  present  the  reaction  appears  to 
be  of  the  non-cyclic  type.   However,  in  view  of  other  results  it 
is  more  probable  that  it  is  a  combination  of  cyclic  and  non- 
cyclic  phosphorylation. 
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Fig,  5.   The  effect  of  reduced  indophenol  concentration 
on  aerobic  and  anaerobic  phosphorylation.   The  reaction 
was  illuminated  in  50  ml  Erlenmeyer  flasks  fitted  for 
flushing  with  gas.   Illumination  was  provided  by  75  watt 
photoflood  lamps  which  provided  5^00  ft.  candles. 
Curves  a  and  b,  gas  phase  is  air.   Curves  c  and  d,  gas 
phase  is  argon. 

Fig.  6,   The  effect  of  light  intensity  on  phosphorylation 
catalyzed  by  DCI,  pyocyanin,  and  FMN.   The  reaction 
mixture  contained  either  2.6  x  IQ-'^M  DCI,  IQ-'^M  FMN,  or 
10~5m  pyocyanin  and  80  ug  chlorophyll  in  addition  to  those 
reagents  described  in  methods.   The  reaction  was  illuminated 
from  underneath  in  Warburg  vessels.   The  light  intensity  was 
varied  by  changing  the  distance  of  the  light  source  from 
the  flask  and  by  inserting  wire  screens.   Anaerobic  flasks 
were  flushed  for  10  mln  with  argon  before  illumination. 
Illumination  time  was  varied  so  that  curves  were  comparable, 

CONCLUSIONS 

The  indophenol  dyes  have  now  been  shown  to  catalyze  two  types 
of  photophosphorylation;  a  non-cyclic  phosphorylation  coupled  to 
their  reduction,  thus  placing  them  in  the  same  category  as 
ferricyanide  as  a  Hill  oxidant;  and  a  cyclic  photophosphorylation 
similar  to  that  catalyzed  by  PMS  and  pyocyanin.   In  addition 
they  act  as  a  mediator  to  supply  electrons  from  ascorbate  and 
thus  restore  TPN  reduction  by  a  system  in  which  oxygen  evolution 
has  been  blocked  or  destroyed^  ■'■5) .   It  appears  probable  that 
this  site  of  action  and  the  site  where  the  dye  is  reoxidized 
during  cyclic  phosphorylation  are  the  same. 

The  indophenols  were  also  demonstrated  to  be  potent  uncouplers 
of  photophosphorylation  at  concentrations  normally  used  to 
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measure  the  Hill  reaction.   It  is  this  property  of  the  dyes  which 
led  previous  investigators  to  believe  that  there  was  no  ATP 
formation  coupled  to  their  reduction  and  thus  postulate  by 
necessity  that  the  dyes  intercept  electrons  at  some  point  in  the 
electron  transport  chain  prior  to  the  site  of  phosphorylation. 

The  uncoupling  action  of  the  dyes  probably  accounts  for  the 
observations  of  Whittingham  and  Bishop''  ^\   who  recently  observed 
that  the  time  between  flashes  of  light  was  considerably  shorter 
for  optimum  production  of  oxygen  with  DCI  than  with  ferricyanide 
as  the  electron  acceptor.   They  suggested,  therefore,  that 
production  of  oxygen  by  reduction  of  dye  did  not  proceed  through 
the  same  thermal  reaction  (phosphorylation)  required  for  ferri- 
cyanide reduction.   They  also  found  that  if  the  ferricyanide 
reduction  was  uncoupled  from  phosphorylation  by  ammonium,  ions , 
the  optimum  time  between  flashes  was  of  the  same  magnitude  as 
with  DCI.   Witt  and  coworkers  ^'^'^  ^  observed  that  DCI  accelerates 
the  decay  of  "Type  2"  absorption  increases  at  515  my  in  chloro- 
plasts.   This  decay  is  a  thermochemical  process,  and  it  is  likely 
that  the  acceleration  of  decay  can  now  be  explained  by  the 
uncoupling  effect  of  the  indophenols. 

It  is  of  interest  that  Low  et  al. ^  ^^    have  reported  that 
oxidized  but  not  reduced  DCI  inhibited  Pi-ATP  exchange  reactions 
in  rat  liver  mitochondria. 

Hill  and  V/alker'^^^  several  years  ago  observed  that,  "The 
phosphorylation  reaction  itself  now  appears  as  a  part  of  normal 
photochemically  induced  H-transfer."   They  also  observed, 

"It  does  not  follow. . .that  all  substances  capable 
of  being  reduced  by  illuminated  chloroplasts  prepara- 
tions would  be  capable  of  initiating  phosphorylation. 
The  coupling  between  reduction  and  phosphorylation 
can  be  abolished  and  an  active  agent  can  become 
inhibitory  at  higher  concentrations  so  that  affinities 
relating  to  the  chloroplast  system  have  to  be  in  a 
suitable  range." 


Contribution  No.  13^^  of  the  Charles  F.  Kettering  Research 
Laboratory. 
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PHOTOSYNTHETIC  PHOSPHORYLATION  IN  THE  PRESENCE 
OF  NATURALLY  OCCURRING  SUBSTANCES 

C.  C.  Black  and  A.   San  Pietro 

After  the  initial  observation  of  photosynthetic  phosphorylation  i^'^i  it 
was  demonstrated  that  many  common  laboratory  redox  chemicals  support 
photophosphorylation.    A  list  of  these  chernicals  would  include:    methyl 
phenazonium  methosulfate,  or  pyocyanine  ^3-5).  ferricyanide  ^6);  viologen 
dyes  (^'  '''  ^);  anthraquinone  ^^';  dimethyl  safranin  sulphonate  '^^>;  methylene 
blue  (5);  indigo  carmine  (^);  and  indophenol  dyes  (9-i2)_    -phe  natural  occur- 
rence, hence  physiological  role,  of  these  chemicals  is  doubtful.    The 
following  substances  occur  naturally,  may  have  a  role  of  physiological 
importance,  and  have  been  shown  to  support  photophosphorylation:    vitamin 
K  "13).   FMN  (1^):  riboflavin  (l^);  NADP  (^'^^^  plastoquinone  ^     'l. 
allagochrome  (i^h  a  "flavone- type"  compound  (^^):  cytochrome  c  ^  ^>;  and 
photosynthetic  pyridine  nucleotide  reductase  (PPNR)^^"^  .    Although  these  sub- 
stances occur  in  nature  and  may  play  a  physiological  role,  it  appears  that 
they  are  involved  in  the  electron  transfer  pathway  rather  than  the  phosphory- 
lation process. 

Since  scant  experimental  data  was  available  concerning  the  components 
involved  in  the  phosphorylation  mechanism,  research  was  undertaken  to 
isolate  a  naturally  occurring  substance  or  substances  involved  in  photophos- 
phorylation.   Evidence  will  be  presented  which  indicates  that  we  have 
successfully  obtained  a  new  naturally  occurring  catalyst  of  photosynthetic 
phosphorylation.    The  catalyst(s)  has  been  detected  in  all  types  of  photo- 
synthetic organisms,  and  the  catalyst  from  one  organism  has  been  shown  to 
initiate  photophosphorylation  with  both  chloroplast  and  chromatophore  frag- 
ments.   We  have  tentatively  assigned  the  name  phosphodoxin  to  the  catalyst. 

ISOLATION  AND  DISTRIBUTION 

Acetone  powders  of  intact  spinach  chloroplasts  were  the  first  source 
of  phosphodoxin  ^^^\    We  soon  learned  that  phosphodoxin  was  not  destroyed 
by  heating  at  100°  C  for  periods  up  to  30  minutes;  therefore,  whole  leaves 
or  whole  cells  extracted  with  boiling  water  proved  to  be  convenient  sources 
of  phosphodoxin.    Most  of  the  work  in  this  paper  will  deal  with  spinach  phos- 
phodoxin since  it  has  been  studied  more  exhaustively  than  phosphodoxin  from 
other  photosynthetic  organisms.    More  extensive  data  relating  to  the  activity 
of  phosphodoxin  isolated  from  photosynthetic  bacteria  can  be  obtained  in 
references  21  and  22.    A  partial  list  of  the  photosynthetic  organisms  in 
which  phosphodoxin  has  been  detected  is  given  in  Table  1,  along  with  the 
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pmoles  of  ATP  produced.    Phosphodoxin  appears  to  be  ubiquitous  among 
photosynthetic  organisms. 

Table  1 

Photosynthetic  Organisms  Containing  Phosphodoxin 

jjmoles  of  ATP/mg 
Source  chlorophyll/hr. 

Spinach,  chloroplasts  196 

Spinach,  leaves  220 

Phormidium  luridum,  whole  cells  49 

Tribonema  aequale,  whole  cells  27 

Euglena  gracilis,  whole  cells  25 

Chlorella  pyrenoidosa,  whole  cells  210 

Rhodospirillum  rubrum,  chromatophores  54 

Rhodospirillum  rubrum,  whole  cells  50 

Chromatium,   strain  D,  chromatophores  56 

Chromatium,   strain  D,  whole  cells  115 

All  preparations  assayed  with  spinach  chloroplasts 

Spinach  phosphodoxin  was  purified  by  acetone  fractionation  and  paper 
chromatography  ^^^>.     Absorption  spectra  of  spinach  phosphodoxin  is  given 
in  Fig.   1.    The  absorption  spectrum  shifts  with  pH,   in  contrast  to  the 
fluorescence  activation  spectra,  which  does  not  show  a  pronounced  shift 
with  pH  (Fig.   2).     Since  the  intensity  of  the  fluorescence  spectrum  is  pH- 
dependent  but  the  activation  spectrum  is  not  (Fig.   2),  it  appears  that  the 
alkaline  form  of  spinach  phosphodoxin  may  be  the  fluorescent  type.    Alkaline 
solutions  of  spinach  phosphodoxin  are  yellow,  while  acid  solutions  are 
nearly  colorless.    The  fluorescent  maximum  was  at  440  m^  and  the  activa- 
tion maximum  was  at  358  mp. 

Aqueous  solutions  of  spinach  phosphodoxin  are  stable  at  4°  C  when 
stored  near  neutrality.     Boiling  phosphodoxin  for  10  minutes  in  N  HCl  does 
not  affect  its  activity,  whereas  boiling  in  N  NaOH  inactivates  the  phospho- 
doxin.   Irradiation  by  ultraviolet  light  does  not  alter  its  activity.     Spinach 
phosphodoxin  does  not  contain  a  functional  metal  (23).    At  the  present  stage 
of  our  research,  we  do  not  know  the  structure  of  phosphodoxin,  nor  are  we 
certain  that  each  photosynthetic  organism  contains  the  same  compound. 
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Fig.   1.     (Left)    Lower  portion:    absorption  spectra  of  spinach 

phosphodoxin.     Solid  line,  0.  1  N  NaOH;  broken  line,  0.  1  N  HCI. 

Upper  portion:    difference  spectrum. 

Fig.   2.     (Right)    Activation  and  fluorescence  spectra  of  spinach 

phosphodoxin. 

BIOLOGICAL  CHARACTERISTICS 

The  endogenous  spinach  chloroplast  fragment  photophosphorylation  (0.  5 
to  3  umoles  of  ATP/mg  chlorophyll/hr)  is  stimulated  over  200-fold  by  the 
addition  of  spinach  phosphodoxin  (Fig.   3).    As  indicated  in  Fig.   4,  this 
aerobic  reaction  is  linear  for  short  periods  of  illumination. 

In  an  earlier  publication  ^^^^  the  reaction  was  only  60  per  cent  inhibited 
under  nitrogen.     Further  work  with  prepurified  nitrogen  indicates  that  the 
reaction  with  spinach  chloroplast  fragments  definitely  requires  aerobic 
conditions  (Fig.   4).     It  should  be  noted  that  this  is  in  contrast  to  the  photo- 
phosphorylation catalyzed  by  Rhodospirillum  rubrum  phosphodoxin  with  R. 
rubrum  chroma tophore  fragments,  which  is  unaffected  by  anaerobiosis^     '     >. 

Photophosphorylation  with  spinach  chloroplast  fragments  plus  spinach 
phosphodoxin  has  been  shown:    to  be  linear  with  chlorophyll  up  to  40  ^grams 
of  chlorophyll  per  ml;  to  have  a  pH  optimum  in  Tris-HCl  buffer  between  7.  4 
and  7.8;  to  require  a  divalent  ion  for  maximum  activity;  to  respond  in  a 
sigmoid  fashion  to  increasing  intensity  of  white  light  with  a  distinct  lag  up  to 
100  foot-candles,  reaching  saturation  between  1000  and  2000  foot-candles; 
and  to  be  unaffected  by  PPNR,  pyridine  nucleotide  transhydrogenase,  and  the 
antibody  to  the  transhydrogenase.     From  Fig.   5  it  can  be  seen  that  photo- 
phosphorylation catalyzed  by  spinach  phosphodoxin  is  sensitive  to  the  usual 
inhibitors  of  photophosphorylation.     In  addition  to  these  inhibitors  50% 
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Fig.   3.     (Left)    Effect  of  concentrations  of  spinach  phosphodoxin 
on  photophosphorylation  with  spinach  chloroplast  fragments. 
Fig.  4.     (Right)    Time  course  and  effect  of  anaerobic  conditions 
on  photophosphorylation  with  spinach  chloroplast  fragments  plus 
spinach  phosphodoxin. 

inhibition  was  obtained  with  the  following  compounds  at  the  indicated  concen- 
trations:   atebrin,   10'^  M;  antimycin  A,  4  x  10"^  M;  Cd     ,   10"^  M;  and 
NH4"'",  6  X  10'"*  M.    Arsenite  at  concentrations  as  high  as  10' ^  M  did  not 
affect  photophosphorylation  with  spinach  phosphodoxin. 


Since  phosphodoxin  is  a  naturally  occurring  catalyst,  it  was  of  interest 
to  study  photophosphorylation  in  the  presence  of  other  known  catalysts. 
Total  photophosphorylation  in  the  presence  of  NADP  and  PPNR  plus  increas- 
ing amounts  of  spinach  phosphodoxin  did  not  change  from  that  observed 
with  only  NADP  and  PPNR.     In  the  presence  of  ferricyanide,  a  definite  in- 
hibition of  ATP  production  was  observed.    A  distinct  stimulation  of  PMS- 
catalyzed  photophosphorylation  was  observed,  varying  between  2-  and  4-fold 
at  low  levels  of  phosphodoxin. 

Spinach  phosphodoxin  is  active  with  chloroplasts  from  higher  plants  and 
chromatophores  from  photos ynthetic  bacteria.    Conversely,  phosphodoxin 
from  photos  ynthetic  bacteria  is  active  with  spinach  chloroplast  fragments. 
This  crossing  of  activity  irrespective  of  the  photos  ynthetic  organisms  from 
which  the  phosphodoxin  was  isolated  is  illustrated  in  Table  1  and  in  Fig.  7. 
Further  demonstrations  of  this  crossing  of  activity  are  given  in  references 
21  and  22. 
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Fig.  5.     (Left)    Effect  of  inhibitors  on  photophosphorylation  with 
spinach  chloroplast  fragments  plus  spinach  phosphodoxin. 
Fig.   6.     (Right)    Effect  of  spinach  phosphodoxin  on  photophos- 
phorylation with  spinach  chloroplast  fragments  in  the  presence 
of  other  electron  acceptors. 

ELECTRON  PARAMAGNETIC  RESONANCE  SIGNAL 

The  EPR  signals  observed  with  spinach  phosphodoxin  have  been  studied 
in  cooperation  with  Dr.  John  Heise  ^^4)      Aqueous  solutions  of  spinach  phos- 
phodoxin exhibit  a  light- induced,  pH- dependent  EPR  signal.    The  intensity  of 
the  EPR  signal  is  increased  with  alkaline  conditions  in  a  fashion  similar  to 
the  relative  fluorescence  intensity  (Fig.  2).    No  dark  EPR  signal  is  observed 
with  spinach  phosphodoxin  alone  and  the  light- induced  signal  decays  in  the 
dark. 

Figure  8  demonstrates  the  effects  of  spinach  phosphodoxin  on  the  EPR 
signal  of  spinach  chloroplast  fragments  in  4.  2  x  10" 2  M  Tris-HCl  buffer, 
pH  7.  8.    The  small  characteristic  light- induced  EPR  signal  of  spinach 
chloroplast  fragments  alone  (25)  can  be  observed  by  comparing  curves  1  and 
4  of  Fig.   8.    A  sharp  decrease  in  the  dark  EPR  signal  of  spinach  chloroplast 
fragments  upon  the  addition  of  spinach  phosphodoxin  can  be  observed  by  com- 
paring curves  1  and  2  of  Fig.   8.     Upon  illumination  of  spinach  chloroplast 
fragments  plus  spinach  phosphodoxin,  an  increased  EPR  signal  was  observed 
(compare  curves  3  and  4  of  Fig.   8).    This  increased  EPR  signal  was  observed 
immediately  upon  illumination  and  decayed  with  continuous  illumination. 
Examination  of  the  data  indicates  that  spinach  phosphodoxin  contributes 
primarily  to  signal  2  ^25)  of  spinach  chloroplast  fragments  '24)^ 
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Fig.   7.     (Left)    Effect  of  Chromatium  phosphodoxin  on  photophos- 
phorylation  with  spinach  chloroplast  fragments. 
Fig.   8.     (Right)    Effect  of  spinach  phosphodoxin  on  EPR  signals 
of  spinach  chloroplast  fragments.    Cuive  1  -  Dark;  chloroplasts 
alone.    Curve  2  -  Dark;  chloroplasts  plus  phosphodoxin.    Curve 
3  -  Light;  chloroplasts  plus  phosphodoxin.    Curve  4  -  Light; 
chloroplasts  alone. 

In  summary,  we  have  isolated  a  new  naturally  occurring,  thermostable, 
water-soluble  catalyst  (phosphodoxin)  of  photophosphorylation  which  appears 
to  be  ubiquitous  among  photos  yn  the  tic  organisms.     Phosphodoxin  from  each 
photos ynthetic  organism  appears  to  be  active  with  both  chloroplast  and 
chromatophore  fragments.     Spinach  phosphodoxin  alone  has  a  light- induced 
EPR  signal  and  in  combination  with  spinach  chloroplast  fragments  decreases 
the  dark  EPR  signal  and  increases  the  light  EPR  signal,  and  contributes 
primarily  to  signal  2. 
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CHARACTERIZATION  OF  ALLAGOCHROME 
AND  ITS  BIOSYNTHESIS  IN  LEAF  EXTRACTS 

Helen  M.  Habermann 


Allagochrotne  is  a  blue-green  pigment  present  in  alkaline  homo- 
genates  of  a  wide  variety  of  plant  species.   Other  colored  sub- 
stances (including  at  least  two  yellow  fractions)  are  normally  pre- 
sent in  crude  allagochrome  preparations.   A  survey  of  the  distribu- 
tion of  allagochrome  in  higher  plant  groups  and  a  description  of 
techniques  which  have  been  developed  for  the  purification  and  ass^ 
of  allagochrome  have  been  published  (2,5) _   There  is  at  least  cir- 
cumstantial evidence  that  allagochrome  is  involved  in  photophos- 
phorylation  and  respiration  (2,^,6)^ 

The  purpose  of  this  paper  is  to  summarize  the  recent  progress  to- 
ward understanding  the  structure  and  biosynthesis  of  allagochrome. 
Until  recently  there  were  few  clues  about  the  chemical  nature  of 
this  pigment  and  at  times  the  available  information  was  misleading. 

ALLAGOCHROME  BIOSYNTHESIS 

For  the  past  several  months  we  have  proceeded  on  the  hypothesis 
that  allagochrome  is  a  chlorogenic  acid  derivative.   Briefly,  the 
evidence  for  involvement  of  chlorogenic  acid  in  allagochrome  syn- 
thesis is  as  follows: 

1)  It  is  well  known  that  a  green  derivative  forms  spontaneously 
from  chlorogenic  acid  in  the  presence  of  ammonia.   The  ammonia  de- 
rivative is  spectrophotometrically  different  from  allagochrome. 
Another  chlorogenic  acid  derivative  which  forms  slowly  in  the  pres- 
ence of  glycine  in  alkaline  medium  resembles  allagochrome  more 
closely.   The  latter  derivative  is  reduced  to  a  yellow  form  by  hy- 
drosulfite,  is  autoxidizable  and  turns  red  in  acid.   In  other 
words  it  has  properties  which  are  descriptively  the  same  as  those 
of  allagochrome. 

2)  The  addition  of  chlorogenic  acid  during  the  grinding  of  plant 
materials  testing  positively  for  allagochrome  increases  yields  up 
to  several  fold.   Absorption  spectra  of  such  enhanced  crude  prep- 
arations match  those  of  control  preparations  rather  well  except 
for  slight  shifts  of  peak  position  in  the  red  and  major  increases 
in  absorbancy  in  the  blue  with  a  shift  to  shorter  wavelengths  for 
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the  minimum  in  difference  spectra.   Chlorogenic  acid  extracted 
from  leaves  with  boiling  water  is  just  as  effective  in  increasing 
yields  as  the  commercially  available  chemical. 

3)  The  participation  of  polyphenol  oxidase  in  formation  of  colored 
derivatives  of  chlorogenic  acid  (especially  during  aging  or  after 
injury  of  leaves)  has  been  proposed  by  a  number  of  investigators 
(8,9)^   The  rapid  secondary  synthesis  of  excess  allagochrome  from 
chlorogenic  acid  added  during  grinding  suggested  that  an  enzyme  of 
this  type  is  present  and  could  account  for  part  or  all  of  the  pig- 
ment found  in  leaf  extracts.   The  extent  of  enzymatic  formation  of 
allagochrome  during  grinding  was  estimated  in  two  ways:   by  adding 
cyanide  to  the  extracting  medium  or  by  heating  leaves  in  boiling 
water  before  extraction.   Cyanide  added  to  the  extracting  buffer 
reduces  allagochrome  values  (see  fig.  1).   Heating  leaves  before 
extraction  similarly  reduces  allagochrome  values  in  controls  and 
inhibits  the  secondary  synthesis  of  pigment  from  added  chlorogenic 
acid.   Immersing  leaves  in  boiling  water  for  as  short  a  time  as  5 
sec.  reduces  allagochrome  values  to  about  half,  but  longer  heating 
results  in  proportionately  less  additional  reduction  of  pigment 
values  of  the  extracts  (see  fig.  2).   Reduction  in  allagochrome 
values  is  not  proportional  to  removal  of  chlorogenic  acid.   Less 
than  17o  is  removed  by  5  sec.  in  boiling  water  and  maximum  extrac- 
tion is  achieved  by  this  means  in  1  1/2  to  2  min .   In  experiments 
testing  the  effects  of  heating  on  the  secondary  synthesis  of  al- 
lagochrome from  added  chlorogenic  acid,  only  30  sec.  heating  be- 
fore grinding  reduced  the  secondary  synthesis  to  zero;  shorter 
heating  resulted  in  reduction  of  the  secondary  synthesis  in  pro- 
portion to  the  time  of  treatment  over  the  entire  range  of  added 
amounts  of  chlorogenic  acid  (see  fig.  3). 

4)  Plants  testing  negatively  for  allagochrome  respond  in  two  pos- 
sible ways  when  chlorogenic  acid  is  added  during  grinding:   they 
either  remain  negative  or  become  positive.   This  may  be  inter- 
preted as  an  allagochrome  negative,  enzyme  negative  vs.  allago- 
chrome negative,  enzyme  positive  situation;  or  it  may  indicate  the 
presence  of  a  natural  antioxidant  which  interferes  with  quinone 
formation.  We  have  not  yet  resolved  this  question. 

It  seems  quite  probable  then  that  the  synthesis  of  allagochrome 
from  chlorogenic  acid  and  glycine  is  mediated  by  an  enzyme  of  the 
polyphenol  oxidase  type.   This  has  been  substantiated  by  experi- 
ments in  which  sunflowers  were  grown  on  copper  deficient  nutrient 
solutions  (7)  .   Such  plants  showed  progressively  lower  copper  con- 
tent of  leaves  formed  at  successive  nodes  and  markedly  decreased 
allagochrome  levels.  At  the  higher  nodes,  allagochrome  values 
dropped  to  between  10  and  207,  of  controls.   There  was  an  increased 
susceptibility  to  cyanide  poisoning  of  respiratory  oxygen  uptake 
and  photosynthetic  oxygen  production  in  leaves  deficient  in  copper 
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Fig.  L  (upper  Left).   Effects 
of  cyanide  in  the  extracting 
buffer  on  allagochrome  values 
of  node  3  sunflower  leaves. 
Vertical  bars  through  points 
indicate  standard  deviations 
of  means  of  six  determinations. 


Fig.  2  (upper  right).   Effects  of  immersion  in  boiling  water  prior 
to  extraction  on  allagochrome  values  of  node  8  sunflower  leaves. 
Chlorogenic  acid  removed  was  estimated  from  optical  density  of 
aqueous  extracts. 

Fig.  3  (bottom).   Effects  of  heating  on  the  secondary  synthesis 
of  allagochrome  from  chlorogenic  acid  added  to  the  extracting 
buffer.   Leaves  were  immersed  in  boiling  water  for  10,  20,  or  30 
sec.  before  extraction. 
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and  allagochrome . 

Although  we  now  have  some  working  hypotheses  concerning  the 
synthesis  of  allagochrome  and  evidence  concerning  its  precursor, 
the  reality  of  the  pigment  as  a  component  of  the  living  cell  re- 
mains in  doubt.   Extraction  at  high  pH ,  under  oxidizing  conditions 
and  in  a  buffer  containing  glycine  provides  all  the  necessary  con- 
ditions for  production  of  an  artifact.  Attempts  to  find  another 
suitable  buffer  for  extraction  have  been  unsuccessful  except  for 
borate-NaOH  buffer.   In  this  case,  allagochrome  values  of  sunflow- 
er leaves  were  only  1/3  to  1/4  what  they  were  with  glycine-NaOH 
buffer.   It  was  not  possible  to  increase  yields  in  borate  buffer 
by  adding  glycine  to  the  grinding  medium.   Although  there  are  sev- 
eral indications  that  at  least  part  of  the  allagochrome  found  in 
extracts  of  leaves  exists  in  vivo,  unequivocal  proof  of  its  natu- 
ral occurrence  is  not  yet  available. 

CHARACTERIZATION  OF  ALLAGOCHROME 

Whether  present  in  vivo  or  not,  the  pigment  allagochrome  re- 
mains a  chemically  interesting  molecule.   The  following  paragraphs 
summarize  the  kinds  of  information  now  available  on  which  some 
speculations  concerning  the  configuration  of  allagochrome  and  of 
the  associated  yellow  pigments  can  be  based.   The  latter  pigments 
are  of  increased  interest  at  the  present  time  because  of  their  re- 
semblance to  phosphodoxin,  a  catalyst  of  photophosphorylation  re- 
cently reported  by  Black  et  al  (^^ . 

Molecular  weight 

A  preliminary  ultracentrifugal  analysis  was  made  with  a  0.15% 
solution  of  allagochrome  in  a  Tris-HCl  buffer  (pH  8.2).   Even  pro- 
longed centrifugation  at  maximum  speed  (59,780  rpm)  did  not  result 
in  the  formation  of  a  boundary  and  the  observed  schlieren  patterns 
were  characteristic  of  the  transient  states  observed  in  an  ap- 
proach to  equilibrium.   Calculations  of  the  molecular  weight  were 
made  by  a  method  suggested  by  Ginsberg  e_t  aj.  '-^^  and  a  value  of 
720  was  obtained.   The  marked  optical  density  of  the  solution  lim- 
ited the  accuracy  attainable  by  this  method.   The  value  should 
therefore  be  considered  a  lower  limit  and  the  true  molecular 
weight  probably  lies  between  720  and  1400.   This  method  of  analy- 
sis gave  no  information  about  the  homogeneity  of  the  sample  but 
did  indicate  that  no  protein  was  present  because  of  the  absence 
of  high  molecular  weight  components. 

Electron  spin  resonance 

The  first  ESR  spectra  of  solid  allagochrome  and  a  frozen  water 
solution  (containing  2  mg/ml)  gave  a  12  gaus  peak  to  peak  signal 
at  g=2.005.   This  was  the  only  signal  found  at  that  time  and  on 
this  basis  it  was  concluded  that  the  common  paramagnetic  metal 
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ions  are  not  present  in  purified  preparations  of  the  pigment. 
However,  direct  chemical  analyses  of  allagochrome  had  indicated  a 
low  but  persistent  Cu  content.   These  results  excluded  the  possi- 
bility that  allagochrome  might  contain  Cu++ .   They  also  proved 
that  the  color  changes  of  allagochrome,  especially  its  reversible 
reduction,  cannot  be  accounted  for  on  the  basis  of  copper  but  must 
rather  be  accounted  for  by  a  probably  quinonoid  chromophoric  group, 

ESR  signals  of  the  type  obtained  previously  only  in  the  solid 
have  been  obtained  recently  in  solution  -  probably  because  of  in- 
creased allagochrome  concentration  (50  mg/ml  vs.  2  mg/ml) .  This 
is  a  free  radical  signal  with  some  fine  structure  and  present  in 
very  low  concentrations.   The  molecule  is  not  all  in  a  free  radi- 
cal form  but  seems  in  a  state  of  constant  presence  of  a  small  a- 
mount  of  free  radical.  With  more  concentrated  preparations  there 
is  a  small  but  recognizable  +3  iron  signal.   No  studies  have  yet 
been  made  of  the  possible  effects  of  light  on  the  ESR  signals  of 
allagochrome . 


Nuclear  magnetic  resonance 

Table  I  summarizes  information  from  NMR  spectra  of  a  series  of 
pigments  and  derivatives  prepared  from  Helianthus  leaves. 

Table  I 


NMR  Spectra 

of  Helianthu 

s  Pigment  Samp 

les  in 

D2O 

Sample 

Weight(mg) 

D20(tr 

il)   NMR  peaks 
from  TMSP) 

(in  cycles 

1. 

2. 
3. 
4. 

Allagochrome 
Allagochrome 
Yellow  I 
Yellow  I 

207.5 

54.6 

135.3 

166.4 

2 
1 

1.5 
1.5 



214.9 
214.9 
214.7 
214.8 

210.5 
209.2 

211(broad) 

5. 

Ppt.  from  Yellow  I 
in  12N  HCl  (probably 
Na  acetate)       153.4 

2 

6. 

Supernatant  from 

7. 

Yellow  I  in 
12N  HCl 
Yellow  II 

224.8 
185.1 

2 
2 

233.4 

216.2 

211.7 

It  seems  probable  that  all  of  these  compounds  except  5  are 
closely  related  and  may  be  derivatives  of  breakdown  products  of 
chlorogenic  acid  plus  glycine.   These  spectra  suggest  that  the 
quinic  acid  moiety  of  chlorogenic  acid  is  not  present  in  the  col- 
ored products. 
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Infrared  spectra 

Infrared  absorption  spectra  of  allagochrome  and  yellow  pigment 
preparations  from  Helianthus  and  Chrysanthemum  strongly  supported 
the  indications  of  NMR  spectra  that  these  are  closely  related  com- 
pounds.  Spectra  of  allagochrome  preparations  from  these  two  spe- 

0 
cies  were  nearly  identical.  A  R-CH=CHC-OR'  configuration  is  defi- 
nitely not  present  in  allagochrome  (no  band  between  1715  and  1800 
cm"-'-),  although  such  an  ester  linkage  joins  together  the  caffeic 
and  quinic  acid  portions  of  the  chlorogenic  acid  molecule.   There 
is  no  free  NH2  group  but  there  are  several  indications  of  bonded 

0  H 

n   1 

N-H  of  amino  or  amide,  probably  of  an  amide  of  the  type  R-C-N-R  . 

Another  phenomenon  associated  with  the  measurement  of  infrared 
spectra  is  the  observation  that  there  is  a  change  in  spectrum  of 
allagochrome  during  the  scanning  period.   Such  changes  were  ob- 
served with  pigments  prepared  from  both  Helianthus  and  Chrysanthe- 
mum leaves.   It  is  not  known  whether  such  changes  are  a  conse- 
quence of  the  rather  high  intensity  incandescent  illumination  re- 
ceived by  the  samples  during  measurement  of  spectra  or  are  merely 
due  to  water  in  the  samples. 

Elemental  analyses 

The  results  of  elemental  analyses  run  on  a  lyophilized  sample 
of  Helianthus  allagochrome  are  summarized  in  Table  II. 

Table  II 
Elemental  analysis  of  Helianthus  allagochrome 


Element  Per  cent 


24.36%       24.39% 


H 

4.23% 

4.52% 

N 

12.31% 

12.19% 

P 

0.1  % 

Residue 

32.25% 

32.19% 

Loss  at  100° 

2.99% 

2 .  38% 

The  large  residue  probably  indicates  a  high  salt  content.   We  have 
recently  added  passage  through  a  mixed  bed  of  ion  exchange  sepha- 
dex  as  a  final  step  in  purification.   The  resulting  samples  are 
much  darker  green  after  lyophilization  (almost  black) . 
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SUMMARY 


The  increase  in  allagochrome  values  of  leaves  when  chlorogenic 
acid  is  added  to  the  extracting  medium  strongly  indicates  that 
this  pigment  is  a  chlorogenic  acid  derivative. 

An  inhibition  of  the  secondary  synthesis  of  allagochrome  from 
chlorogenic  acid  by  cyanide  or  heat  treatment  of  leaves  is  consis- 
tent with  the  hypothesis  that  this  synthesis  is  mediated  by  an  en- 
zyme of  the  polyphenol  oxidase  type.   The  reduction  of  allago- 
chrome values  in  plants  deficient  in  copper  adds  further  support 
to  this  hypothesis. 

Estimated  molecular  weight  of  allagochrome  based  on  analytical 
ultracentrifuge  studies  is  720.   NMR  and  infrared  spectra  indicate 
that  allagochrome  and  the  yellow  pigments  fractionated  from  it 
during  purification  are  closely  related  chemically.   ESR  spectra 
showed  a  free  radical  signal  at  g=2.005. 

It  remains  to  be  determined  whether  allagochrome  is  present  in 
vivo  or  is  formed  by  the  enzymatic  oxidation  of  chlorogenic  acid 
during  grinding.   Present  evidence  supports  the  hypothesis  that  at 
least  part  of  the  assayed  amounts  of  this  pigment  could  be  present 
before  extraction. 
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SOME  EFFECTS  OF  OXYGEN  IN  PHOTOSYNTHESIS 
BY  CHLOROPLAST  PREPARATIONS 

F.  R.  Whatley 


It  has  been  suggested  that  the  presence  of  oxygen  is  neces- 
sary for  photosynthetic  phosphorylation.   Thus,  Nakamoto  et  al. 
(1)  showed  that  the  cyclic  photophosphorylation  catalyzed  by 
flavin  mononucleotide  (FMN)  was  greatly  stimulated  by  oxygen 
when  very  low  concentrations  of  the  cofactor  were  supplied. 
The  formation  of  ATP  in  this  system  was  found  to  be  accompanied 
by  an  oxygen  exchange  (2,3),  suggesting  that,  under  the  experi- 
mental conditions  employed  (compare  also  ref.  h) ,    the  mechanism 
of  the  electron  transport  involved  a  reaction  of  reduced  FMN 
with  oxygen.   But  this  mechanism  cannot  be  a  general  one  for 
cyclic  photophosphorylation  since,  as  is  generally  accepted, 
phenazine  methosulfate  (PMS)  catalyzes  a  true  cyclic  photophos- 
phorylation not  involving  an  oxygen  exchange  under  either  aero- 
bic or  anaerobic  conditions  (2,3>^)'   However,  even  in  such  a 
truly  cyclic  system  oxygen  has  been  found  to  play  a  role, 
apparently  adjusting  the  redox  balance  of  the  system  under  some 
conditions . 

Another  system  in  which  a  part  of  the  photosynthetic  appara- 
tus of  chloroplasts  has  been  linked  with  oxygen  consumption  is 
the  "cytochrome  £  photooxidase"  activity  observed  by  Nieman  and 
Vennesland  (5)  in  digitonin  extracts  of  chloroplasts. 

This  article  discusses  two  aspects  of  the  participation  of 
oxygen  in  photosynthetic  reactions  of  chloroplasts:   (1)  in  the 
photooxidation  of  ferrocy tochrome  c   by  digitonin  extracts  of 
chloroplasts  and  (2)  as  a  "poising  agent"  to  regulate  electron 
flow  in  the  true  cyclic  photophosphorylation  catalyzed  by  PMS 
in  broken  chloroplasts. 

( 1 )   Photooxidation  of  reduced  cytochrome  c . 

Confirming  the  results  reported  by  Nieman  and  Vennesland  (5), 
it  was  found  that  digitonin  extracts  of  chloroplasts  (prepared 
by  continued  extraction  of  spinach  chloroplasts  by  L'fo   digitonin, 
followed  by  the  centrifugation  procedure  described  by  Nieman 
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and  Vennesland)  oxidized  f errocytochrome  c  at  a  slow  rate  in  the 
dark  in  air  but  not  in  argon,  and  that  this  dark  oxidation, 
which  proceeded  in  accordance  with  the  thermochemical  gradient, 
was  completely  suppressed  by  10"'*  M  KCN.   Ferrocytochrome  c  was, 
however,  oxidized  when  the  system  was  illuminated  in  the  pre- 
sence of  KCN-treated  digitonin  extracts  and  oxygen  was  supplied. 
No  photooxidation  occurred  under  an  atmosphere  of  argon  or  in 
the  dark,  as  shown  in  Fig.  1.   Nieman  and  Vennesland  concluded 
from  similar  evidence  that  a  "cytochrome  c  photooxidase"  had 
been  unmasked  in  their  preparation.   However,  as  will  now  be 
reported,  triphosphopyridine  nucleotide  (TPN)  can  be  substituted 
for  oxygen  as  a  terminal  electron  acceptor  in  an  atmosphere  of 
argon.   To  accomplish  this  it  was  necessary  to  add  both  the 
electron  carrier  ferredoxin  and  the  enzyme  ferredoxin-TPN  reduc- 
tase to  transfer  the  electrons  produced  by  the  photoreaction  to 
TPN.   An  experiment  showing  the  photooxidation  of  ferrocyto- 
chrome c  by  TPN  under  argon  is  shown  in  Fig.  2  and  represents 
another  experimental  manifestation  of  Nieman  and  Vennes land's 
apparent  cytochrome  c  photooxidase  activity. 

Photooxidation  of  ferrocytochrome  c  by  TPN  proceeded  against 
a  thermochemical  gradient,  unlike  the  reaction  with  oxygen,  and 
obviously  required  an  input  of  light  energy.   It  was  not  imme- 
diately apparent  why  the  oxidation  of  ferrocytochrome  c   by 
oxygen  should  also  need  an  input  of  light.   However,  our  results 
suggest  that  the  photooxidation  of  ferrocytochrome  c  is  a  mani- 
festation of  the  terminal  portion  of  the  electron  transport 
chain  of  noncyclic  photophosphorylation  in  chloroplasts  (see 
ref.  6),  in  which  TPN  acts  as  the  physiological  electron  accept- 
or, but  can  be  replaced  unspecif ically  by  molecular  oxygen. 
Additional  support  for  the  view  that  the  digitonin  extracts  re- 
tained the  terminal  portion  of  the  electron  transport  chain 
comes  from  an  experiment,  shown  in  Fig.  3>  in  which  ferrocyto- 
chrome c   was  replaced  by  the  ascorbate/dichlorophenol  indophenol 
dye  couple.   In  the  light,  but  not  in  the  dark,  TPN  became 
photoreduced  at  the  expense  of  the  oxidation  of  ascorbate.   A 
preliminary  report  of  these  results  has  appeared  elsewhere  (7) • 

(2)   Cyclic  photophosphorylation  catalyzed  by  phenazine  metho- 
sulfate. 

It  is  generally  accepted  that  PMS  catalyzes  a  truly  cyclic 
electron  flow  in  chloroplasts,  accompanied  by  ATP  formation 
(2-4).   The  principal  evidence  to  support  this  conclusion  may 
be  summarized:   (i)  No  oxygen  exchange  was  observed  to  accompany 
the  ATP  formation  (2,3),  (ii)  the  rates  of  phosphorylation  in 
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Fig.  1.   Experimental  details 
as  described  by  Nieman  and 
Vennesland  (5).   A  decrease 
in  O.D.  at  550  \Wi   corresponds 
to  the  oxidation  of  ferro- 
cytochrome  c. 
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Fig.  2.   Experimental  details 
as  in  Fig.  1,  except  that  a 
partially  purified  preparation 
of  "photosynthetic  pyridine 
nucleotide  reductase"  (11) 
was  added  to  each  vessel,  and 
1  i,imole  TPN  was  added  as 
indicated. 


Fig.  5.   Experimental  details 
as  in  Fig.  2,  except  that 
f errocytochrome  £  was  re- 
placed by  20  lamoles  ascorbate 
+  0.2  umoles  dichlorophenol 
indophenol  (both  omitted  in 
"-ascorbate"  treatment). 
Increase  in  O.D.  at  3^0  mn 
corresponds  to  reduction  of 
TPN. 
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air  and  under  nitrogen  were  similar  at  saturating  concentrations 
of  PMS,  and  (iii)  there  was  little  effect  of  CMU  on  the  rate  of 
ATP  formation  anaerobically  with  saturating  PMS  (4).   However, 
some  unexpected  effects  of  oxygen  on  the  PMS-catalyzed  cyclic 
photophosphorylation  have  been  found.   These  effects  will  be 
discussed  in  the  context  of  an  interpretation  proposed  by 
Tagawa  et  al.  (8)  of  the  effect  of  oxygen  on  the  cyclic  photo- 
phosphorylation catalyzed  by  ferredoxin. 

In  Table  1  is  shown  the  effect  of  increasing  the  concentra- 
tion of  the  cof actor,  PMS,  on  the  formation  of  ATP  in  argon  or 


PMS  added 

(usrams) 

Argon 

0 

0.3 

0.3 

0.2 

1 

O.k 

3 

1.1 

10 

7.6 

30 

8.7 

^^^^  The  reaction  mixture 

Effect  of  air  on  cyclic  contained,  in  a  final 

photophosphorylation  catalyzed  by  PMS   volume  of  3  ml,  broken 

ATP  formed  in  15  min.    chloroplasts  (Pig) 
(nmoles)  containing  0.1  mg 

/^ij-    chlorophyll  and  the 
'  following  in  micro- 

^•^    moles:  tris  buffer, 
"•^    pH  8.3,  80;  MgClg,  10; 
1.2    ADP,  10;  K2HP3204,  10; 
3.8    and  the  amounts  of 
8.8    phenazine  methosulfate 
9.2    indicated.   The  exper- 
iments were  carried 
out  in  Warburg  manometer  vessels  at  15°  C  at  20,000  lux.   Prior 
to  turning  on  the  light,  the  "argon"  series  was  flushed  with 
purified  argon  gas  for  5  minutes.   ATP  formation  was  measured 
as  described  previously  (11). 

in  air.   Although  at  the  saturating  concentration  of  PMS  com- 
monly employed  (3O  ^Lgrams  per  3  ml  reaction  mixture)  there  was 
no  difference  between  the  rate  in  air  or  argon,  a  large  stimu- 
latory effect  of  air  became  apparent  at  lower  concentrations  of 
PMS.   When  3  jigrams  PMS  were  used  the  reaction  was  not  satura- 
ted by  PMS  (under  our  experimental  conditions),  but  there  was  a 
threefold  stimulation  by  air  of  the  ATP  formation.   A  similar 
stimulation  has  also  been  observed  by  Jagendorf  and  Avron  (9) . 
The  addition  of  small  amounts  of  oxygen  was  found  to  produce 
the  same  effect  as  air.   In  Table  2  are  reported  the  results 
obtained  when  3  ngrams  PMS  were  used  as  the  cofactor  for  cyclic 
photophosphorylation  and  small  amounts  of  oxygen  gas  were  added 
to  a  reaction  vessel  of  approximately  20  ml  capacity.  When  10 
lomoles  oxygen  had  been  added  the  rate  of  ATP  formation  was  max- 
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imal,  but  smaller  amounts  of  oxygen  produced  a  large  stimulatiou 
10  pinoles  oxygen  added  to  a  vessel  of  20  ml  volume  corresponds 
to  about  1^  oxygen  in  the  gas  phase. 

Table  2  Experimental  condi- 

Effect  of  small  amounts  of  oxvaen  on    tions  were  as  given  in 
cyclic  photophosphorylation  catalyzed    legend  to  Table  1.   5 
by  a  limiting  amount  of  PMS  under  argon   ^g,-anis  PMS  were  added 

in  each  vessel.   The 
reaction  vessels  were 
capped  with  a  serum 
bottle  cap  and  flushed 
with  purified  argon. 
Small  amounts  of  oxy- 
gen gas  were  then  in- 
jected into  the  gas 
phase  through  the  cap. 


ATP 

formed   in 

Oxygen 

added 

^0 

minutes 

(piiiol 

es) 

_ 

(l 

imoles) 

0 

1.7 

2 

h.l 

k 

5.6 

10 

7.8 

These  results  appear  similar  to  those  obtained  with  the  FMN- 
catalyzed  pseudo-cyclic  photophosphorylation,  which  has  been 
shown  to  require  oxygen  as  a  terminal  electron  acceptor.   As 
already  stated,  however,  the  oxygen  exchange  data  do  not  support 
a  similar  interpretation  for  the  PMS  system.   Consequently,  an 
alternative  explanation  was  sought.   If  the  effect  of  oxygen  in 
the  PMS  system  were  due  to  the  oxidation  of  some  component  of 
the  system,  it  seemed  probable  that  the  addition  of  another  oxi- 
dant would  produce  a  similar  stimulation  of  the  ATP  formation. 
Since  ferricyanide  is  not  toxic  to  photophosphorylation  by 
chloropiasts  (e.g.,  it  supports  ATP  formation  in  noncyclic 
photophosphorylation)  it  was  chosen  as  a  suitable  substitute 
for  oxygen.   When  tested  in  a  system  provided  with  a  limiting 
amount  (;>  digrams)  of  PMS,  ferricyanide  was  indeed  capable  of 
stimulating  cyclic  photophosphorylation  with  PMS  under  argon, 
as  is  shown  in  Table  3.   The  table  indicates  very  clearly  that 
the  ferricyanide  acts  in  a  "catalytic"  fashion,  and  not  as  a 
substrate;  the  addition  of  1  pinole  ferricyanide  (which  in  non- 
cyclic  photophosphorylation  might  have  given  0.5  lamoles  ATP) 
caused  an  increment  of  5  lomoles  ATP.   The  effect  of  ferricyanide 
is  not  due  to  the  oxygen  which  it  will  produce  via  a  Hill  re- 
action when  the  light  is  turned  on.   This  will  be  seen  by  com- 
paring the  results  in  Tables  2  and  3  (both  experiments  carried 
out  at  the  same  time)  ;  1  (.unole  ferricyanide,  which  gave  a  large 
stimulation,  would  yield  0.25  iimoles  oxygen,  an  amount  much  less 
than  is  needed  to  give  a  measurable  effect  when  injected  into 
the  gas  phase. 
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Table  3 

Effect  of  small  amounts  of  ferricyanide 
on  cyclic  photophosphorylation 
catalyzed  by  a  limiting  amount  of  PMS 
under  argon 


Ferricyanide 
added 
(umoles) 

0 

0.25 
0.5 

1.0 
1.5 
2.0 
2.5 


ATP  formed  in 
30  minutes 
(umoles) 

1.7 
3.5 
6.2 

6.1 
7.9 

8.0 

8.4 


Experimental  condi- 
tions as  described  in 
legend  to  Table  1.  3 
Jig  PMS  were  added  to 
each  vessel.   Ferri- 
cyanide was  added  as 
indicated  and  remain- 
ed in  contact  with 
the  chloroplast  frag- 
ments and  the  PMS  for 
5  minutes  while  the 
vessels  were  flushed 
with  argon,  and  be- 
fore the  light  was 
turned  on. 


The  inhibitor  p-chlorophenyl-dimethyl-urea  (CMU)  also  affec- 
ted cyclic  photophosphorylation  with  PMS,  as  can  be  seen  by  ex- 
amining the  data  presented  in  Table  h.      The  addition  of  CMU 
(2.10"^  M  final  concentration)  to  the  PMS  system  under  argon 


Table  4 

Effect  of 

CMU  on  c 

yclic  photophosphory 

lation 

catalyzed  by 

PMS  in  air  or  argon 

ATP 

formed  in 

15  min  (|.imoles) 

PMS 

1 

2 

3 

k 

added 

argon  + 

air  + 

(usrams) 

argon 

CMU 

air 

CMU 

0 

0.3 

0.3 

O.k 

0.2 

0.3 

0.2 

0.6 

0.6 

0.2 

1 

0.i+ 

1.7 

1.2 

0.6 

3 

1.1 

5.8 

3.7 

1.1 

10 

7.6 

8.9 

8.8 

1.9 

30 

8.r 

9.2 

9.2 

3.7 

Experimental  conditions  as  described  in  legend 
to  Table  1.   CMU  to  a  final  concentration  of 
2.10"^  M  was  added  where  indicated. 


produced  a  large  stimulation  of  ATP  formation  at  lower  concen- 
trations of  PMS  (Columns  1,2),  this  effect  resembling  very 
closely  the  effect  of  air  (Column  3).   When  3O  ^grams  PMS  were 
added  no  effect  was  produced  by  CMU.   On  the  other  hand,  the 
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addition  of  CMU  to  the  PMS  system  in  air  caused  a  profound  in- 
hibition of  ATP  formation  (Column  k)  ,   which  was  only  partly  over- 
come by  ^0   iagrams  of  PMS.   Jagendorf  and  Avron  (9)  have  made 
similar  observations  with  both  CMU  and  o-phenanthroline.   These 
results  do  not  at  first  appear  to  support  the  conclusion  that 
PMS  catalyzes  a  truly  cyclic  photophosphorylation,  but  are  com- 
patible with  this  conclusion  when  the  data  are  interpreted  in 
terms  of  a  "poising"  action  of  oxygen  (redox  regulation). 

In  a  recent  paper  Tagawa  et  al.  (8)  have  advanced  such  an 
hypothesis  to  explain  their  results  on  cyclic  photophosphoryla- 
tion catalyzed  by  ferredoxin.   They  point  out  that  noncyclic 
electron  flow  is  a  unidirectional  electron  transfer  from  water 
to  TPN,  driven  by  two  photoreactions,  B  and  A  (systems  2  and  1, 
respectively,  in  Duysens '  terminology  (10)).   The  intermediates 
in  the  electron  transport  chain  will  be  kept  in  a  partly  re- 
duced, partly  oxidized  state  (i.e.,  "poised")  as  long  as  TPN 
(or  ultimately  COg)  is  available,  and  no  "overreduction"  or 
"overoxidation"  can  occur.   However,  to  maintain  a  cyclic  elec- 
tron flow  from  a  reduced  cofactor  back  to  the  electron  transport 
chain,  as  is  required  for  cyclic  photophosphorylation,  the  inter 
mediates  of  the  electron  chain  must  be  kept  in  a  suitable  redox 
balance.   If  they  are  kept  fully  reduced,  as  by  photoreaction  B, 
they  cannot  accept  electrons  from  the  reduced  cofactors.   Tagawa 
et  al.  proposed  the  hypothesis  "that  molecular  oxygen  normally 
regulates  the  redox  balance  for  the  electron  transport  chain 
involved  in  cyclic  photophosphorylation  by  chlorop lasts .   In 
the  presence  of  oxygen,  the  electron  transport  system  does  not 
become  overreduced  by  the  flow  of  electrons  from  water.   But 
under  anaerobic  conditions  the  flow  of  electrons  from  photo- 
reaction  B  overreduces  the  components  of  the  electron  transport 
chain  in  chloroplasts  and  this  overreduction  cannot  be  counter- 
balanced by  the  regulatory  oxidizing  action  of  oxygen." 

As  shown  in  Table  1,  the  rate  of  ATP  formation  at  lower  con- 
centrations of  PMS  was  much  less  under  argon  than  in  air.   This 
is  interpreted  to  mean  that,  under  argon,  electrons  flowing  from 
photoreaction  B  overreduce  the  intermediates  of  the  electron 
transport  chain;  and  this  slows  down  or  prevents  the  return  of 
electrons  from  photoreaction  A  via  PMS  to  the  chain.   Oxygen 
can  counterbalance  the  overreduction  by  oxidizing  some  portion 
of  the  intermediates  and  so  bring  about  a  regulation  of  the 
electron  flow.   Smaller  amounts  of  oxygen  produce  a  proportion- 
ately smaller  response,  although  the  action  of  oxygen  is  clearly 
catalytic  (Table  2).   The  fact  that  very  small  amounts  of  ferri- 
cyanide  (Table  3)  stimulate  the  cyclic  photophosphorylation  with 
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PMS  in  a  similar  fashion  emphasizes  the  idea  that  redox  reagents 
other  than  oxygen  can  regulate  ("poise")  the  system  by  partly 
oxidizing  the  intermediates.   It  appears  likely  from  the  results 
in  Table  1  that  even  PMS  itself  in  larger  amounts  (IO-3O  fagrams) 
can  bring  about  the  redox  regulation  of  the  electron  transport 
chain.  When  photoreaction  B  was  prevented  by  the  addition  of 
the  specific  inhibitor,  CMU,  the  flow  of  electrons  from  water 
to  the  electron  transport  chain  was  stopped,  and  no  overreduc- 
tion could  occur.   There  was  thus  no  need  for  oxygen  as  a  regu- 
lator under  argon  in  the  presence  of  CMU  (Table  4).   On  the 
other  hand,  in  the  presence  of  air  some  contribution  of  elec- 
trons from  water  by  photoreaction  B  appears  to  be  necessary  in 
order  to  maintain  a  suitable  redox  balance.   The  addition  of 
CMU  caused  a  large  inhibition  of  cyclic  photophosphorylation  in 
air  (Table  4),  probably  because  oxygen  overoxidized  the  inter- 
mediates of  the  electron  transport  chain,  thus  preventing  a 
supply  of  electrons  to  photoreaction  A. 

A  possible  explanation  of  the  result  shown  in  Table  1  might 
have  been  that  in  air  the  PMS  is  converted  to  the  oxidation 
product  pyocyanine  (cf.  Hill  and  Walker,  13)  ^^<^   that  pyocyanine 
functions  more  effectively  as  a  catalyst  at  lower  concentrations 
than  PMS.   However,  as  is  shown  in  Table  5>  pyocyanine-catalyzed 
cyclic  photophosphorylation  behaves  like  the  PMS  catalyzed  sys- 
tem in  its  reaction  toward  aerobic  and  anaerobic  conditions  and 
towards  CMU. 


Effect  of  CMU  and  ^ 

Table  5 
of  air  on  cyclic  photophosphorylation 

catalyzed  by 

limiting  amounts  of  pyocyanine 

Pyocyanine  added 
(micrograms) 

ATP  formed  in  I5  minutes 

argon  + 
air    argon      CMU 

((jmoles) 
air  + 
CMU 

1 
2 

3 

1.2  0.5       1.1 
2.9     0.7       2.1 

4.3  0.7       3.6 

0.4 

0.5 
0.4 

Experimental  conditions  as  described  in  legend  to  Table  4, 
except  that  pyocyanine  was  substituted  for  PMS. 

Thus  with  PMS  or  pyocyanine  as  the  cofactor,  just  as  with 
ferredoxin,  oxygen  is  able  to  play  a  regulatory  role  to  combat 
the  apparent  tendency  of  photoreaction  B  to  overreduce  the 
intermediates  of  the  electron  transport  chain.  When  photo- 
reaction B  is  suppressed  the  system  is  already  in  a  suitable 
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redox  balance  without  oxygen,  and  in  the  case  of  both  PMS  and 
pyocyanine  can  be  shown  to  become  easily  overoxidized  by  oxygen. 
The  hypothesis  of  a  regulatory  role  for  oxygen  is  consistent 
with  the  results  of  Jagendorf  and  Avron  on  the  effect  of  air, 
CMU  and  o-phenanthroline  on  the  PMS  system,  for  which  they  were 
earlier  unable  to  offer  an  explanation  (9) .   The  hypothesis  also 
suggests  an  explanation  for  the  stimulatory  effect  of  DCMU  on 
the  cyclic  photophosphorylation  catalyzed  by  the  indophenol 
dyes,  which  has  been  described  by  Trebst  and  Eck  (12). 
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III.     STUDIES  WITH  ISOLATED  ELECTRON  CARRIERS 


PHOTOSYNTHETIC  PYRIDINE  NUCLEOTIDE  REDUCTASE.     IV  FURTHER 
STUDIES  ON  THE  CHEMICAL  PROPERTIES  OF  THE  PROTEIN 

Keelin  T.  Fry  and  Anthony  San  Pietro 


The  first  demonstration  that  a  soluble  factor  can  be  added  back  to  chloro- 
plasts  to  reconstitute  their  over-all  electron- transport  reaction  was  reported 
by  Davenport,  Hill  and  Whatley  '  ^  Mn  1952.    They  showed  that  washed 
chloroplasts  lost  their  capacity  for  reducing  muscle  methaemoglobin  in  the 
light.    The  addition  of  the  soluble  fraction  restored  the  activity.     They  fur- 
ther demonstrated  that  the  soluble  methaemoglobin  reducing  factor  was 
thermolabile. 

Lang  and  San  Pietro  (2,  3)  were  unaware  of  the  prior  work  of  Davenport 
et  al.  (i^when  they  reported  that  chloroplasts  contain  a  soluble  protein  which 
catalyzed  the  photochemical  reduction  of  pyridine  nucleotides.     At  that  time 
there  wa  s  no  evidence  to  suggest  that  the  proteins  isolated  independently  by 
these  two  groups  might  be  identical.    The  possible  identity  of  these  two  pro- 
teins, namely,  photos ynthetic  pyridine  nucleotide  reductase  (PPNR)  and  the 
methaemoglobin  reducing  factor,  only  became  apparent  when  they  were 
available  in  purified  form  (^'  ^). 

During  the  course  of  their  studies  on  the  methaemoglobin  reducing  factor, 
Davenport  and  Hill  ^^^  observed  that  the  preparation  catalyzed  the  reduction 
of  a  number  of  haem- proteins,  including  cytochrome  c,  by  illuminated 
chloroplasts.    Moreover,  this  factor  was  shown  to  catalyze  the  reduction  of 
NADP  by  illuminated  chloroplasts  '  ^ 

At  the  suggestion  of  Dr.  H.   E.   Davenport,  the  ability  of  PPNR  to  catalyze 
the  reduction  of  cytochrome  c  by  illuminated  chloroplasts  was  examined  and 
it  was  found  to  catalyze  this  reduction  ('*).     Thus,  the  catalytic  activities  of 
the  se  two  proteins  are  identical. 

ABSORPTION  SPECTRUM 

The  methaemoglobin  reducing  factor  ^^>  and  PPNR  ^^'  have  been  exten- 
sively purified  and  shown  to  be  homogeneous,  both  electrophoretically  and 
in  the  ultracentrifuge.     Both  proteins  contain  two  moles  of  non-haem  iron 
per  mole  of  enzyme  and  an  equivalent  amount  of  "labile  sulfur"  v9-il}_    ^he 
absorption  spectra  of  PPNR  from  spinach  and  of  the  methaemoglobin  reducing 
factor  from  parsley  are  shown  in  Figure  1.     It  is  clear  that  these  two  spectra 
are  very  similar;  the  major  difference  between  them  is  the  relationship  of 
the  absorption  in  the  visible  region  to  that  in  the  ultra-violet  region.    The 
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ratios  of  absorbance  in  the  visible  region  to  that  in  the  ultra-violet  region 
(277  mjj)  for  the  absorption  maxima  at  330  mp,  420  mjj  and  465  mp  are  0.  81, 
0.  62  and  0.  57  for  the  methaemoglobin  reducing  factor  and  0.  65,  0.  49  and 
0.  44  for  PPNR.    In  each  case,  the  values  for  the  methaemoglobin  reducing 
factor  are  about  1.  27  times  the  corresponding  value  for  PPNR.    This  differ- 
ence is  most  probably  due  to  the  fact  that  the  methaemoglobin  reducing  factor 
is  devoid  of  tryptophane  '     '  whereas  PPNR  contains  one  mole  of  tryptophane 
(Table  2).    The  presence  of  tryptophane  in  PPNR  is  indicated  by  the  shoulder 
in  the  absorption  spectrum  at  290  mp  which  is  absent  from  the  absorption 
spectrum  of  the  methaemoglobin  reducing  factor.     In  addition,  there  is  a 
shift  in  the  position  of  the  minimum  at  295  mp  in  the  spectrum  of  the  methae- 
moglobin reducing  factor  to  305  mp  in  the  PPNR  spectrum. 


Fig.   1.    Absorption  spectra  of 
methaemoglobin  reducing  factor 
from  parsley  and  PPNR  from 
spinach.     Upper  curve,  methaemo- 
globin reducing  factor,  0.  77  mg  of 
protein  per  ml;  Lower  curve,  PPNR 
equivalent  to  0.  081  micromole  of 
iron  per  ml. 


400  500 

WAVCLENGTH  ,  m^ 


Recently,  Katoh  and  Takamiya  ^     )  reported  the  isolation  of  PPNR  from 
Brassica  campestris  (Komatsuna).    The  absorption  spectrum  of  the  Brassica 
PPNR  corresponds  almost  identically  to  that  of  the  methaemoglobin  reducing 
factor  from  parsley.    The  relative  absorption  values  at  276,  330,  420  and 
465  mp  are  I.  00,  0.  81,  0.  60  and  0.  54  for  the  PPNR  from  Brassica.    These 
correspond  very  well  with  those  given  above  for  the  methaemoglobin  reducing 
factor.    We  would  suggest,  therefore,  that  the  PPNR  from  Brassica  will  also 
be  found  to  be  devoid  of  tryptophane. 


In  view  of  the  difference  in  tryptophane  content  of  these  various  proteins, 
any  comparison  of  their  ultra-violet  absorption  spectra  per  unit  of  protein 
will  be  meaningless.    However,  the  absorption  in  the  visible  region  per 
micromole  of  iron  should  be  comparable  provided  the  iron  in  these  proteins 
is  an  essential  constituent  of  the  chromophoric  group(s)  and  that  the  chromo- 
phoric  group(s)  in  these  proteins  are  the  same.    The  absorbance  per  micro- 
mole of  iron  per  milliliter  at  the  wavelengths  of  the  absorption  maxima  in  the 
visible  region  is  presented  in  Table  1.    For  the  purposes  of  comparison. 
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similar  data  for  the  spinach  ferredoxin  isolated  in  Arnon's  laboratory  '^^'  ^^\ 
the  red  enzyme  from  Chlorella  isolated  by  Gewitz  and  Volker  (^^)  and  the 
PPNR  isolated  from  Japanese  spinach  by  Horio  and  Yamashita  ^^^>  are  in- 
cluded.    Except  for  the  PPNR  from  Brassica  and  Japanese  spinach,  the  values 
at  each  wavelength  for  the  various  proteins  are  almost  identical.    These  data 
provide  support  for  the  hypothesis  that  the  chromophoric  group(s)  responsible 
for  the  visible  absorption  of  these  proteins  is  the  same. 

It  is  interesting  that  the  extinction  coefficients  per  iron  at  390  mp  for  the 
Clostridial  ferredoxins  are  approximately  the  same  as  those  reported  in 
Table  1  for  the  absorption  at  465  mp..    From  the  data  of  Buchanan  et  al.   (^^' 
one  can  calculate  that  the  extinction  coefficients  of  the  Clostridial  ferredoxins 
at  390  mp  per  micromole  of  iron  per  milliliter  are  about  3.  5-4.  5  assuming  a 
value  of  12,  000  for  the  molecular  weight  and  an  iron  content  of  10  atoms  of 
iron  per  mole. 

TABLE  1 

Correlation  of  Absorbance  in  the  Visible  Region  and  Iron  Content 

The  values  are  presented  as  the  absorbance  of  a  solution  of  protein  containing 
one  micromole  of  iron  per  milliliter. 


Wavelength  (mp) 

Protein 

Source 

330 

420 

465 

PPNR^ 

Spinach 

6.70 

4.95 

4.45 

Red  Enzyme 

Chlorella 

7.37 

5.29 

4.89 

Spinach  Ferredoxin'' 

Spinach 

6.95 

5.  16 

4.65 

Methaemoglobin 
Reducing  Factor" 

Parsley 

6.83 

5.18 

4.67 

PPNR^ 

Brassica 

3.43 

2.57 

2.32 

PPNR* 

Spinach 

11.7 

8.94 

8.60 

f^Calculated  from  the  lower  curve  in  Fig.   1. 

Calculated  from  the  data  of  Gewitz  and  Volker  ^^^'. 
''Calculated  from  the  data  of  Whatley,  Tagawa  and  Arnon  (^^)  and 
,       Tagawa  and  Arnon  ^^'*'. 

Calculated  from  the  data  of  Bendall,  Gregory  and  Hill  ^'^>  and  the 
upper  curve  in  Fig.    1. 
^Calculated  from  the  data  of  Katoh  and  Takamiya  ^     ). 
Calculated  from  the  data  of  Horio  and  Yamashita  ( ^  ^i  assuming  a 
molecular  weight  of  14,  000. 

A  MINO  ACID  COMPOSITION 

The  amino  acid  composition  of  PPNR  from  spinach  is  given  in  Table  2. 
The  protein  is  acidic  as  evidenced  by  the  high  concentration  of  aspartic  and 
glutamic  acids  and  the  low  concentration  of  the  basic  amino  acids. 
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TABLE  2 

Amino  Acid  Analysis  of  Spinach  PPNR 

Amino  Acid  Residues  per  Mole 


Lysine 
Histidine 

4 

1 

Arginine 

1 

Aspartic  Acid 
Threonine 

12 

8 

Serine 

6-7 

Glutamic  Acid 

13-15 

Proline 

4 

Glycine 
Alanine 

7 
9 

Valine 

7-8 

Isoleucine 

4 

Leucine 

7 

Tyrosine 
Phenylalanine 
Tryptophane 
Methionine 

4 
2 

1 
1 

Ammonia 

(8-10) 

For  the  determination  of  tryptophane,  samples  of  protein  were  hydro- 
lyzed  with  5  N  NaOH  containing  basic  lead  acetate  ^^^>  by  heating  for  18  hours 
at  100°  in  evacuated  glass  ampules.     Tryptophane  content  of  the  hydrolvsates 
was  determined  by  the  method  of  Spies  and  Chambers  (Procedure  Q)      °^' 

Preliminary  analyses  of  the  cysteine  content  of  the  protein  indicate  the 
presence  of  about  six  half-cystine  residues  determined  as  cystein  acid  follow- 
ing oxidation  with  performic  acid  ^     ). 

REACTION  WITH  p-CHLQROMERCURlBENZOATE  (PCMB) 

Treatment  of  PPNR  with  PCMB  results  in  a  rapid  loss  in  the  visible 
spectrum  of  the  enzyme.     As  shown  in  Figure  2,  there  is  a  parallel  loss  in 
absorbance  at  each  of  the  three  absorption  maxima  in  the  visible  region. 
After  complete  reaction,  the  percentage  of  the  original  absorbance  remaining 
at  330,  420  and  465  mp  was  40%,   10%  and  5%,  respectively. 

The  decrease  in  color  with  addition  of  mercurial  can  most  easily  be 
interpreted  as  resulting  from  the  disruption  of  the  iron- protein  chromophore. 
The  amount  of  PCMB  required  for  complete  titration  (Figure  2)  was  0.  47 
pmole.    This  amount  of  PCMB  corresponds  to  about  8-9  equivalents  of  PCMB 
reactive  groups  per  mole  of  enzyme.     The  same  result  was  obtained  by  a 
sulfhydryl  titration  of  PPNR  according  to  the  method  of  Boyer  ^^l).    These 
values  are  higher  than  expected  on  the  basis  of  the  preliminary  estimate  for 
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EFFECT   of   PCMB  on   the    VISIBLE    SPECTRUM   of  PPNR 


Fig.   2.     Effect  of  PCMB  on  the 
visible  spectrum  of  PPNR.    The 
reaction  mixture  contained  1.  13  mg 
of  PPNR,  determined  by  the  method 
of  Warburg  and  Christian  (     ),   in 
0.  9  ml  of  0.  05  M  Tris,  pH  7.  45. 
The  values  were  corrected  for  ab- 
sorption remaining  after  complete 
titration.     PCMB  concentration  was 
determined  spectrophotometrically 


at  232  mp  as  described  by  Boyer 


(2l) 


0  01  0.2  0.3  0.4  0.5 

mMOLES    of     PCMB     ADDED 


the  half-cystine  content  of  PPNR  from  cysteic  acid  analyses  and  may  reflect 
a  reaction  between  PCMB  and  the  "labile  sulfur"  shown  previously  to  be 
present  in  the  enzyme. 

Similar  titrations  of  PPNR  with  mercurials  have  been  performed  by  other 
investigators  (^^'  ^^\     Katoh  and  Takamiya  (^^)  interpret  their  results  to 
indicate  the  presence  in  PPNR  from  Brassica  leaves  of  12  sulfhydryl  groups. 
This  interpretation  assumes  no  reaction  between  mercurial  and  "labile 
sulfur". 


TREATMENT  WITH  o- PHENANTHROLINE  (OP) 


(10) 


In  addition  to  iron,  PPNR  contains  "labile  sulfur"  which  is  liberated  as 
hydrogen  sulfide  upon  acidification.     Assays  for  the  sulfide  were  performed 
by  applying  the  method  of  Fogo  and  Popowsky  '^3^  directly  to  solutions  of  the 
protein.    The  molar  ratio  of  iron  to  labile  sulfur  with  several  preparations 
averaged  from  0.  9- 1.  1.    Control  experiments  indicate  that  cysteine  groups 
in  the  protein  are  not  the  source  of  the  labile  sulfur. 

To  determine  the  changes  resulting  from  treatment  with  the  iron  che- 
lator  OP,  the  enzyme  was  incubated  with  the  chelator  and  then,  at  varying 
time  intervals,  separated  from  the  latter,  as  well  as  from  the  ferrous  tri- 
phenanthrolate  complex  which  formed,  by  chromatography  on  Sephadex  G-25. 
Analyses  of  protein  fractions  obtained  in  such  an  experiment  are  summarized 
in  Table  3.    The  data  indicate  that  under  conditions  of  pH  and  temperature  at 
which  PPNR  is  relatively  stable,  treatment  with  OP  results  in  loss  of  iron 
from  the  enzyme  as  well  as  a  corresponding  loss  of  "labile  sulfur",  absorp- 
tion in  the  visible  region  of  the  spectrum  and  activity  of  the  enzyme  in  TPN 
reduction. 
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The  correlation  between  the  percentage  of  iron  lost  and  the  loss  of 
absorption  in  the  visible  region  of  the  spectrum  is  actually  better  than  is 
apparent  from  the  values  reported  in  Table  3  since  there  is  apparently  some 
residual  absorption  in  this  region  even  in  iron-free  enzyme. 

OXIDATION  STATE  OF  IRON 

Although  incubation  of  PPNR  with  OP  results  in  removal  of  iron  from  the 
protein  and  formation  of  the  ferrous  triphenanthrolate  complex,  this  obser- 
vation does  not  constitute  proof  that  the  metal  in  the  native  enzyme  is  in  the 
ferrous  state  since  reduction  of  bound  ferric  iron  could  occur  before,  during, 
or  after  release  from  the  protein.     Removal  of  the  metal  from  the  native 
enzyme  by  the  ferric  iron  chelator  Tiron  (1,  2-dihydroxybenzene-3,  5- 
disulfonate)  is  negligible  under  comparable  conditions.     If,  however,  the 
PPNR  is  first  treated  with  the  sulfhydryl  reagent  p-chloromercuriphenyl 
sulfonic  acid  (PCMS),  there  is  a  rapid  reaction  with  the  ferric  chelator 
as  shown  by  the  results  of  an  experiment  reported  in  Table  4.     In  this 

TABLE  4 

Reaction  of  PPNR  with  OP  or  Tiron  following  addition  of  PCMS 


Time  in  minutes  after 

%  Reaction 

% 

Reaction 

addition  of  chelator 

with  OP 

w 

ith  Tiron 

2 

6 

96 

10 

8 

102 

30 

12 

104 

120 

28 

900 

110 

Reaction  mixture  contained  PPNR  equivalent  to  0.  35  jamoles  of  iron, 
52  ^moles  of  Tris-  HCl  buffer,  pH  8,  2.  9  mg  of  glucose  oxidase 
(Sigma,  type  II),  29  mg  of  glucose  and  0.  3  mg  of  crystalline  horse 
liver  catalase  in  a  total  volume  of  4.  5  ml.     Additions  were  6  pmoles 
of  PCMS  in  0.  3  ml  of  0.  2  M  Tris-  HCl  buffer,  pH  8  and  either  4.  5 
pmoles  of  OP  in  0.  3  ml  of  0.  1  M  Tris-  HCl  buffer,  pH  8,  or  4.  5 
pmoles  of  Tiron  (adjusted  to  pH  8)  in  0.  3  ml  of  0.  1  M  Tris-  HCl 
buffer,  pH  8. 

experiment  the  possibility  of  air  oxidation  of  any  ferrous  iron  present  in  the 
protein  was  minimized  by  carrying  out  the  reaction  with  the  chelators  under 
anaerobic  conditions  in  glass  cuvettes  fitted  with  a  ground  glass  capillary 
stopper.    PPNR  and  an  oxygen  trapping  system  of  glucose-glucose  oxidase 
were  preincubated  in  the  completely  filled  cuvettes  for  20  min.  at  25°  before 
addition  of,  in  order,  PCMS  and  either  Tiron  or  OP.     Before  use,  the  PCMS 
and  chelator  solutions  were  freed  from  oxygen  by  bubbling  with  argon  for  15 
min.    The  mercurial  and  the  chelators  were  added  to  the  cuvettes  from  a 
syringe  through  the  capillary  bore  of  the  glass  stopper.    Thus  an  amount  of 
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solution  equivalent  to  the  volume  of  the  added  reactant  was  forced  from  the 
cuvette  at  each  addition.     Formation  of  the  ferrous  triphenanthrolate  complex 
was  determined  from  the  absorbance  at  510  mp  (E  =  11,  100)  ^^^'  and  forma- 
tion of  the  ferric  complex  with  Tiron  from  absorbance  at  487  mp  (  E  =  5,  800 
as  determined  at  pH  8).    The  latter  extinction  coefficient  corresponds  well 
with  the  value  of  6,  100  calculated  from  the  data  of  Yoe  and  Jones  ^'^^'  and  was 
used,  therefore,  to  calculate  the  values  presented. 

Control  experiments  in  which  ferrous  iron  was  added  to  the  anaerobic 
reaction  mixtures  after  treatment  with  PCMS  indicated  that  the  ferric  iron 
observed  did  not  arise  from  oxidation  of  free  ferrous  iron  in  solution.    Thus, 
it  would  appear  from  the  data  in  Table  4  that  the  metal  in  the  native  enzyme 
is  in  the  ferric  oxidation  state.    The  color  formation  observed  with  OP 
probably  results  from  reduction  by  reducing  agents  present  in  the  protein 
which  are  not  bound  by  the  mercurial.     In  this  regard  it  should  be  noted  that 
the  amount  of  PCMS  added  was  about  four  times  that  required  to  titrate  the 
PPNR. 


PHOTOREDUCTION  OF  IRON 


(26) 


It  has  been  demonstrated  by  several  investigators  that  PPNR  can  be 
photoreduced  in  the  presence  of  illuminated  chloroplasts  U 2,  13,  16,  2  7)      j^. 
was  of  interest,  therefore,  to  determine  whether  reduction  of  the  enzyme 
was  accompanied  by  a  concomitant  change  in  the  valence  state  of  the  non- 
haem  iron.     For  this  purpose  reaction    mixtures  containing  PPNR  and  chloro- 
plasts were  illuminated  anaerobically  for  varying  lengths  of  time.     After 
illumination,  the  pxtent  of  photoreduction    and  the  appearance  of  ferrous  iron 
were  determined  ^     ^     As  shown  in  Table  5,  one- half  the  iron  is  in  the 
ferrous  state  when  the  protein  is  completely  reduced. 

TABLE  5 

Photoreduction  of  Iron 


Illumination  Time 
in  Minutes 

Per  Cent 
420  mp 

Bleaching 
460  mp 

Per  Cent  of 
Total  Iron  in       % 
Ferrous  State 

Fe ' ' /Average  % 
Bleaching 

0.5 
1.0 
3.0 

34 
74 
97 

32 
74 
97 

19 
33 
44 

0.58 
0.45 
0.45 

PHOTOREDUCTION  BY  CHLOROPLASTS 

Chance  and  San  Pietro  (^'')  investigated  the  photoreduction  of  PPNR  by 
chloroplasts  and  showed  that  the  light- dark  difference  spectrum  for  PPNR 
reduction  by  illuminated  chloroplasts  corresponded  to  the  difference  spec- 
trum for  dithionite- reduced  PPNR.    The  kinetics  of  reduction  of  PPNR  by 


260 


Keelin  T.  Fry  and  Anthony  San  Pietro 


illuminated  chloroplasts  were  measured  and  it  was  found  that  PPNR  was  re- 
duced more  rapidly  than  NADP.    The  kinetics  of  reduction  of  PPNR  by  illumi- 
nated chloroplasts  indicated  that  the  reduced  form  has  the  potentiality  of 
acting  as  an  electron  carrier  between  chloroplasts  and  NADP. 
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PHOTOCHEMICAL  REACTIONS  OF  PLASTOCYANIN 
IN  CHLOROPLASTS 

Sakae  Katoh  and  Atusi  Takamiya 


The  idea  that  copper  functions  in  photosynthesis  in  green  plants  was 
proposed  before  it  was  shown  to  be  present  in  the  photosynthetic  apparatus.     In 
1939,   Neish  first  described  the  occurrence  of  copper  in  chloroplasts  in  a  re- 
markably high  concentration  when  compared  with  the  other  metals  present^  D. 
In  the  same  year,  Green  et  al.   showed  that  the  photosynthetic  carbon  dioxide 
uptake  was  markedly  inhibit'ed  by  several  reagents  which  were  generally  re- 
garded as  inhibitors  of  copper  enzyme^^).     The  relatively  high  effectiveness 
of  these  inhibitors,    at  concentrations  which  were  completely  without  effect  on 
the  dark  respiration,    led  these  authors  to  propose  that  copper  is  involved  in 
the  photosynthetic  reactions  of  chlorella. 

Since  then,    several  reports  appeared  in  confirmation  of  these  earlier 
results.     Whatley  et  al.   showed  a  high  localization  of  copper  in  the  chloroplast 
fragments  of  sugar"beet(3).     The  sensitivity  of  photosynthesis  and  the  Hill  re- 
action towards  the  copper-binding  reagents  has  also  been  repeatedly  confirmed 
with  chloroplasts(4,  5).     Furthermore,    Spencer  and  Possingham,    working  with 
tomato  plants,    clearly  demonstrated  that  copper  is  an  essential  micronutrient 
for  the  development  of  chloroplast  activity^^). 

Prior  to  the  work  reported  here  it  was  thought  that  the  copper  in  the 
chloroplasts  was  associated  with  those  proteins  which  oxidize  polyphenolsC^). 
To  date,    however,    there  is  no  conclusive  evidence  for  the  participation  of  this 
group  of  enzyme  in  the  photochemical  processes  of  chloroplasts.     In  addition 
they  are  not  ubiquitous  in  occurrence  among  photosynthetic  plants  and  algae. 
Moreover,    when  they  are  present,    their  concentration  in  the  chloroplasts  is 
generally  low  and  varies  widely  with  different  plants. 

Another  type  of  copper  complex,    which  we  have  recently  discovered  in 
the  chloroplasts,    is  a  non-autooxidizable  copper  protein,    plastocyanin^o).     It 
is  proposed  that  this  copper  protein  functions  in  the  photochemical  activity  of 
the  chloroplasts.     The  aim  of  the  present  work  is  to  summarize  the  general 
properties  of  plastocyanin,    as  well  as  its  distribution  in  photosynthetic  organ- 
isms.    The  results  of  our  recent  experiments  on  the  effect  of  this  copper 
protein  on  several  photochemical  reactions  of  chloroplasts  will  be  discussed. 
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GENERAL  PROPERTIES  OF  PLASTOCYANIN 

Plastocyanin  is  readily  extracted  with  dilute  buffer  solution  from  an 
acetone  powder  of  a  leaf  homogenate.     It  is  purified  by  ammonium  sulfate 
fractionation  and  column  chromatography  with  diethylaminoethyl  cellulose^    >. 
Crystallization  of  the  protein  from  Chenopodium  leaves  has  been  achieved  by 
Yakushiji  (personal  communication).     The  molecular  weight  of  the  purified 
protein  was  estimated  from  sedimentation  and  diffusion  data  to  be  21,  OOOw). 
The  protein  is  acidic  in  nature  with  an  isoelectric  point  less  than  pH  4. 

The  oxidized  protein  is  deep  blue  in  color  and  exhibits  a  complex  absorp- 
tion spectrum  with  three  maxima  at  460,    59  7  and  770  m^.     The  ultraviolet  peak 
shows  vibrational  fine  structure  bands  due  to  the  amino  acid  constituents.     On 
reduction,    the  blue  color  completely  disappears  and  there  is  no  absorption  in 
the  visible  and  far  red  regions.     The  oxidized  protein  is  readily  reduced  by 
various  reducing  reagents  such  as  ascorbaic  acid,    hydroquinone,    sodium 
hydrosulfite  and  reduced  cytochrome  c.     On  the  other  hand,    the  reduced  form 
of  the  protein  is  completely  incapable  of  reacting  with  molecular  oxygen  through 
oxidation  or  oxygenation.     The  oxidation  reduction  potential  is  370  mv  between 
pH  5.  4  and  9.9. 

Plastocyanin  contains  about  200  amino  acid  residues  and  a  small  amount 
of  carbohydrate.     The  copper  content  was  estimated  to  be  0.  58%,    indicating 
the  presence  of  two  atoms  of  copper.     Titration  with  either  PCMB  or  heavy 
metal  ions  indicated  that  each  copper  atom  is  bound  to  the  protein  through  the 
sulfhydryl  groups  of  cysteine.     The  original  copper  protein  was  reconstituted 
by  addition  of  an  inorganic  copper  salt  to  the  apoprotein  prepared  by  acid 
treatment. 


DISTRIBUTION  OF  PLASTOCYANIN  IN  PLANTS 

Plastocyanin  was  first  observed  in  the  aqueous  extract  of  lyophylized 
Chlorella  elipsoidea(8).     The  green  leaves  of  the  following  plants  were  found 
to  contain  plastocyanin  in  significant  amounts;  spinach,    parsley^    carrot, 
turnip,    crown  daisy,    Japanese  scallion,    Brassica  campestris  (Komatsuna), 
Chenopodium  album  and  Ulva  sp.(  1°).     Plastocyanin  appears  to  occur  ubiqui- 
tously  in  the  photosynthetic  organisms.     One  exception  was  the  photosynthetic 
bacteria,    since  all  attempts  to  detect  a  similar  protein  has  failed. 

The  occurrence  of  plastocyanin  is  limited  to  the  green  parts  of  the  plants. 
The  protein  is  entirely  absent  from  the  white  underground  stem  of  Japanese 
scallion  and  the  roots  of  carrot  and  turnip,    while  the  green  leaves  of  these 
plants  contain  significant  amounts  of  the  copper  protein.     This  fact  suggests  a 
close  association  of  plastocyanin  with  the  photosynthetic  apparatus.     In  fact, 
whole  chloroplasts  isolated  from  spinach  leaves  were  found  to  contain  plasto- 
cyanin in  a  ratio  of  about  300  chlorophyll  molecules  per  atom  of  copper  of  the 
protein,    or  about  600  chlorophyll  molecules  per  molecule  of  the  protein.     Since 
the  total  copper  content  of  spinach  chloroplast  was  estimated  to  be  approximately 
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130  -   160  chlorophyll  molecules  per  atom  of  copper,    the  copper  in  plastocyanin 
can  account  for  about  half  of  the  total  coppex  in  the  chloroplasts.     It  is  note- 
worthy that  the  concentration  of  plastocyanin  expressed  on  a  chlorophyll  basis 
is  similar  in  magnitude  to  that  of  cytochrome  f_'^^'. 

It  was  found  that  hypotonic  treatment  of  whole  chloroplasts  resulted  in  the 
release  of  a  significant  portion  of  plastocyanin.     The  grana  fraction  also  con- 
tained plastocyanin  at  a  concentration  comparable  to  that  in  the  whole  chloro- 
plast.     The  grana  also  lost  some  plastocyanin  by  hypotonic  treatment,    thus 
indicating  the  association  of  the  protein  with  the  subparticulate  fraction  of  the 
chloroplasts.     All  these  findings  strongly  suggest  that  the  protein  under  inves- 
tigation is  an  integral  part  of  the  photosynthetic  architecture  of  chloroplasts. 


PHOTOREDUCTION  OF  PLASTOCYANIN  BY  CHLOROPLASTS 

When  oxidized  plastocyanin  was  incubated  with  chloroplasts  in  the  light, 
a  steady  decrease  in  absorbance  at  597  m^  was  observed' ^^'.     Upon  addition 
of  ferricyanide  at  the  end  of  the  reaction,    the  blue  color  was  restored  to  the 
original  level,    thereby  indicating  that  the  decrease  in  absorbance  was  corre- 
lated with  reduction  of  the  protein.     Neither  reduction  nor  oxidation  of  plasto- 
cyanin was  observed  during  incubation  with  chloroplasts  in  the  dark. 

The  rate  of  photoreduction  usually  obtained  ranged  from  100  to  200 
/imoles  protein  per  mg  chlorophyll  per  hour(13),     xhe  rate  increased  with  light 
intensity  and  reached  saturation  at  about  10,  000  lux.     The  reaction  was  optimal 
between  pH  7.  5  -  7.9.     The  reaction  was  completely  inhibited  by  10"^  M  DCMU. 
o-Phenanthroline  and  hydroxylamine  were  also  potent  inhibitors  of  the  photo- 
reduction.     Cyanide,    azide  and  arsenite  were  without  effect  at  a  concentration 
of  10"^  M.     The  rate  of  photoreduction  was  increased  by  the  presence  of  MgCl2 
and  ADP  (the  reaction  system  contains  a  sufficient  amount  of  phosphate),    indi- 
cating that  the  reaction  is  coupled  with  phosphorylation.     A  very  marked  stimu- 
lation of  rate  of  reduction  was  observed  on  addition  of  ammonium  sulfate, 
which  is  known  to  uncouple  the  photophosphorylation  from  the  electron  trans- 
ferring system  of  the  chloroplasts^  ^'*).     It  may  be  concluded  from  these  observa- 
tions that  plastocyanin  is  reduced  by  illuminated  chloroplasts  by  the  same 
pathway  as  that  of  photoreduction  of  ferricyanide  and  KADP. 


Photooxidation  of  Reduced  Plastocyanin  by 
Digitonin-Treated  Chloroplasts 

It  was  found  that  reduced  plastocyanin  was  readily  photooxidized  by 
chloroplasts  which  had  been  treated  with  digitonin.     A  similar  chloroplast 
preparation  was  shown  by  Nieman  and  Vennesland  to  catalyze  the  photooxidation 
of  reduced  cytochrome  c^^^'.     The  time  course  of  the  photooxidation  of  reduced 
plastocyanin  by  digitonin-treated  chloroplasts  measured  by  the  increase  in 
absorbance  at  59  7  m^  is  illustrated  in  Fig.    1.     No  change  in  oxidation  reduction 
state  of  the  added  plastocyanin  was  observed  in  the  dark.     The  removal  of 
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2  3 

T I  M  E  (  min  ) 
Fig.    1.     Time  course  of  photooxidation  or  reduced 
plastocyanin  with  digitonin-treated  chloroplasts 


oxygen  from  the  reaction  mixture  by  repeated  evacuation  and  flushing  with 
nitrogen  resulted  in  a  complete  suppression  of  the  oxidation  even  when 
illumination. 

The  rate  of  photooxidation  was  maximal  at  about  5,  000  lux.     This  is 
considerably  lower  than  the  light  intensity  required  for  photoreduction  of 
plastocyanin  with  intact  chloroplasts.     The  pH  curve  was  rather  flat  with  an 
optimum  at  pH  8.0-8.  5. 

The  reaction  was  found  to  be  insensitive  to  various  poisons,    and  there 
was  even  a  distinct  stimulation  of  the  reaction  with  some  of  the  reagents 
tested.     The  stimulation  observed  in  the  presence  of  cyanide,    o-phenanthroline 
and  EDTA  may  be  due,    in  part,    to  the  removal  of  metal  ions  from  the  reaction 
mixture,    since  the  reaction  was  highly  sensitive  to  heavy  metal  ions  such  as 
mercury  and  silver.     DCMU  at  a  concentration  of  10"6  M  was  completely  with- 
out effect.     PCMB  is  somewhat  inhibitory  at  a  concentration  of  lO'^  m. 
Chloroplast  fragments,    which  had  been  heated  at  650  for  five  minutes  were 
incapable  of  oxidizing  the  protein.     The  reaction  was  markedly  stimulated  by 
a  rather  high  concentration  of  ammonium  sulfate,    which  was  previously  shown 
by  Bishop  et  al.   to  induce  a  remarkable  acceleration  of  the  photooxidation  of 
reduced  cytochrome  c'lB), 
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All  the  above-described  features  of  the  photooxidation  of  reduced  plasto- 
cyanin  are  in  general  agreement  with  those  observed  for  the  photooxidation  of 
reduced  cytochrome  c.     A  notable  difference  between  the  two  photooxidizing 
systems,    however,    was  discovered  when  digitonin-treated  chloroplasts  were 
fractionated  with  ethanol  into  a  chlorophyll  containing  fraction  and  a  soluble 
fraction.     Using  a  similar  fractionation  procedure,   Nieman  £t  al.   demonstrated 
the  necessity  of  a  soluble  factor,    designated  Factor  2  by  them,    for  the  photo- 
oxidation of  reduced  cytochrome  c  by  the  chlorophyll  bearing  fraction' 1''.     We 
have  confirmed  this  observation  (Table  I).     However,    the  capacity  for  photo- 
oxidation of  reduced  plastocyanin  was  not  appreciably  affected  by  the  ethanol- 
treatment  and  the  addition  of  the  soluble  factor  was  without  any  effect  on  the 
activity  of  the  ethanol-precipitated  fraction  (Table  I).     Evidently,    the  photo- 
oxidation system  of  reduced  plastocyanin  requires  no  additional  soluble  factor. 


TABLE  I 

Effect  of  Soluble  Factor  on  the  Photooxidation  of  Reduced  Plastocyanin 
and  Cytochrome  C  by  the  Ethanol-Precipitated  Fraction 

/Ltmole  oxidized 


Electron  donors Addition mg  chl.   hour 

Reduced  plastocyanin  Mone  48 

Reduced  plastocyanin  Soluble  factor  0.  4  ml  50 

Reduced  cytochrome  c             None  3 

Reduced  cytochrome  c             Soluble  factor                   0.  2  ml  15.  6 

Reduced  cytochrome  c Soluble  factor 0.  4  ml 25.  6 


On  the  other  hand,    it  was  discovered  that  plastocyanin  can  replace  the 
soluble  factor  in  accelerating  the  photooxidation  of  reduced  cytochrome  c  by 
the  ethanol  precipitated  fraction.     The  reaction  rate  is  increased  by  the  addition 
of  plastocyanin  to  the  level  of  photooxidation  of  reduced  plastocyanin  with  the 
same  preparation.     This  stimulating  effect  of  plastocyanin  occurs  by  a  mech- 
anism different  from  that  with  ammonium  sulfate,    since  the  acceleration  ob- 
served in  the  presence  of  both  substances  was  far  higher  than  the  sum  of  the 
rates  observed  when  they  were  added  separately  (45.  6  with  plastocyanin  alone, 
39.  1  with  1.  3  M  ammonium  sulfate,    and  142  ^moles  of  reduced  cytochrome  c 
oxidized  per  mg  chlorophyll  per  hour  with  plastocyanin  and  ammonium  sulfate). 

These  findings  strongly  suggest  that  Factor  2  of  Nieman  et  al.   may  be 
plastocyanin.     Presumably  in  the  photooxidation  of  reduced  cytochrome  c  by 
the  digitonin-treated  chloroplasts,    plastocyanin  acts  as  an  intermediary  electron 
carrier  which  is  first  oxidized  by  the  photooxidizing  system  of  chloroplasts  and 
then  reduced  by  the  reduced  cytochrome  c. 
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EFFECTS  OF  PLASTOCYANIN  ON  THE  PHOTOREDUCTION  OF 
INDIGO  CARMINE,    FMN  AND  NADP  IN  THE  PRESENCE  OF 
ASCORBATE  AND  DPIP 

Further  investigations  were  carried  out  to  test  the  effect  of  plastocyanin 
in  various  oxidation  reduction  reactions  of  chloroplasts.     First,    it  was  found 
that  the  rates  of  the  Hill  reaction  with  several  electron  acceptors  were  signifi- 
cantly accelerated  by  the  presence  of  a  minute  amount  of  plastocyanin.     With 
the  Hill  oxidants  of  rather  high  redox  potential,    such  as  cytochrome  c  and  DPIP, 
the  observed  acceleration  may  be  explained  by  the  simple  assumption  that 
plastocyanin  functions  as  an  intermediary  electron  carrier  in  the  reaction.     It 
could  be  rapidly  reduced  by  the  illuminated  chloroplasts  and  then  transfer  its 
electron  to  the  Hill  oxidants  with  high  efficiency(8). 

In  addition,    the  effect  of  plastocyanin  on  the  photoreduction  of  reagents 
with  redox  potentials  lower  than  zero,    such  as  indigo  carmine,    FMN  and  NADP, 
was  also  studied.     In  this  series  of  experiments,    chloroplasts  prepared  from 
fresh  leaves  of  Brassica  campestris  (Komatsuna)  were  used.     They  showed  a 
rather  low  rate  of  Hill  reaction  with  indigo  carmine  as  the  electron  acceptor. 
A  significant  high  rate  of  photoreduction  of  indigo  carmine,    however,   was  ob- 
tained upon  the  addition  of  a  substrate  amount  of  ascorbate  and  catalytic  amount 
of  2,  6-dichlorophenol  indophenol.     This  is  in  accordance  with  the  previously 
published  results  of  Vernon  and  Hobbs  with  chloroplasts  from  other  plant 
species^  ^^'.     Now,    the  further  addition  of  plastocyanin  to  such  reaction  mixture 
resulted  in  a  striking  rise  in  rate  of  reduction  of  indigo  carmine  as  shown  in 
Fig.    2.     The  degree  of  acceleration  was  a  function  of  the  amount  of  plastocyanin 
and  saturation  was  reached  at  about  0.  5  mjimole  of  plastocyanin  added,    thereby 
indicating  that  the  protein  functioned  catalytically.     Plastocyanin  itself  was 
entirely  inactive  in  catalyzing  the  photoreduction  of  the  dye  in  the  absence  of 
chloroplasts. 

It  will  be  seen  from  Table  II  that  the  activity  for  reduction  of  indigo 
carmine  per  unit  of  chlorophyll  decreased  both  on  washing  and  hypotonic  treat- 
ment of  the  chloroplast.     It  is  most  probably  due  to  a  loss  of  a  soluble  factor 
from  the  particulate  system.     The  effectiveness  of  plastocyanin  in  stimulating 
the  reaction  rate,    however,    was  much  more  enhanced  after  these  treatments. 
Almost  the  same  rate  of  photoreduction,    on  a  chlorophyll  basis,    was  obtained 
with  the  three  fractions  in  the  presence  of  plastocyanin.     It  was  inferred,    there- 
fore,   that  the  chloroplasts  requires  plastocyanin  as  an  essential  component  of 
the  photoreduction  of  indigo  carmine  in  the  presence  of  ascorbate  and  DPIP. 
The  data  in  Table  II  also  show  that  plastocyanin  is  somewhat  effective  on  the 
slow  photoreduction  of  indigo  carmine  in  the  absence  of  the  ascorbate-DPIP 
couple.     Previously,    Vernon  and  Hobbs  noticed  that  the  photoreduction  of 
indigo  carnnine  by  chloroplasts  was  markedly  stimulated  on  addition  of  the 
supernatant  fluid(18)    This  result  may  be  ascribed  to  the  possible  presence  of 
plastocyanin  in  the  soluble  faction. 
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Fig.   2.     Effect  of  plastocyanin  on  the  photoreduc- 
tion  of  indigo  carmine  by  Brassica  Chloroplast 
with  and  without  ascorbate  and  DPIP 


TABLE  II 


Effect  of  Plastocyanin  on  the  Photoreduction  of  Indigo  Carmine  by 
Leaf  Homogenate,    Whole  Chloroplasts  and  Broken  Chloroplasts 


Fractions 


umole  IC  reduced  per  mg  chl.   per  hr. 
With  ascorbate  +  DPIP  Without  ascorbate  +  DPIP 

-  PC  +  PC  -  PC  +  PC 


Leaf  homogenate 
Whole  chloroplast 
Broken  chloroplasts 


22. 

5 

47. 

5 

0. 

20 

0. 

54 

16. 

9 

51. 

5 

0. 

22 

0. 

52 

9. 

3 

50. 

1 

0. 

37 

0. 

56 

The  data  presented  in  Fig.    3  show  that  the  degree  of  acceleration  induced 
by  the  addition  of  a  constant  amount  of  plastocyanin  was  almost  unchanged  in 
the  absence  or  in  the  presence  of  widely  varied  concentration  of  DPIP.     This 
fact  suggests  that  the  role  of  plastocyanin  in  the  photoreducing  system  of  the 
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dye  is  essentially  different  from  that  of  DPIP.    transferring  electron  between 
ascorbate  and  the  oxidizing  site  of  chloroplasts. 


0.03  004  0.05  0.1  0.2       03     0  4  05 

^mole     DPIP 


1.0  1.5 


Fig.    3.     Effect  of  plastocyanin  on  photoreduction  of 
indigo  carmine  in  the  presence  of  various  con- 
centration of  DPIP 

As  will  be  seen  in  Table  III,    plastocyanin  also  stimulates  the  photoreduc- 
tion of  other  low  potential  substances,    such  as  FMN  and  NADP  in  the  presence 
of  ascorbate  and  DPIP. 


TABLE  III 

Effect  of  Plastocyanin  on  the  Photoreduction  of  FMN  and  NADP 
in  the  Presence  of  Ascorbate-DPIP  Couple 


Electron  acceptor 


FMN 
FMN 

NADP 
NADP 
NADP 
NADP 


DCMU 


Ascorbate 
+  DPIP 


+ 
+ 


jimole  reduced 
mg  chl.   hour 
-  PC  +  PC 


19.8 

25 

4.6 

19 

133 

141 

0 

0 

43 

78 

43 

68 
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EFFECT  OF  PHOTOREDUCTION  OF  NADP  BY  THE 
DIGITONIN-TREATED  CHLOROPLASTS 

Plastocyanin  was  also  found  to  be  effective  in  stimulating  the  photoreduc- 
tion  of  NADP  (Hill  reaction),    when  digitonin-treated  chloroplast  fragments, 
which  had  lost  most  of  the  activity  in  question,    were  used.     The  addition  of  a 
catalytic  amount  of  plastocyanin  resulted  in  partial  recovery  of  the  lost  activity. 
A  complete  reactivation  was  obtained  at  a  concentration  as  low  as  about  10"° 
mole  per  3  ml  of  the  reaction  mixture  (Table  IV).     The  stimulating  effect  ob- 
served on  addition  of  an  aqueous  extract  of  chloroplast  to  the  digitonin-treated 
chloroplasts  may  be  also  due  to  the  presence  of  plastocyanin  in  the  extract. 


TABLE  IV 

Effect  of  Plastocyanin  on  NADP  Photoreduction 
by  Digitonin-treated  Chloroplasts 

fxmole  reduced 

Preparation Addition nag  chl  hour 

(mole) 

Untreated  chloroplast  -  118 

Digitonin-treated                                   -  0 

Chloroplast                             0.13x10-8  4.9 

0.  33  x  10-8  7.8 
0.65  X  10-8  10.5 

1.  30  X  10-8  11.  1 
1.  95  X  10-8  11, 0 


PPNR  is  necessary  for  the  reduction  of  NADP,    no  photoreduction  of  NADP  is 
observed  when  PPNR  is  omitted  even  in  the  presence  of  plastocyanin.     Addition 
of  the  following  substances  could  not  replace  the  role  of  plastocyanin  in  stimu- 
lating the  reaction  in  question;  FMN,    PMS,    vitamin  K3,    ascorbate,    ferri-  and 
ferrocyanide,    benzoquinone,    and  cytochrome  c.     The  Rhus  blue  protein,    another 
non-autooxidizable  form  of  copper  protein  (kindly  provided  by  Dr.   Omura^^^'), 
was  also  without  effect.     The  degree  of  stimulation  due  to  plastocyanin  depends 
on  the  light  intensity.     The  effect  was  not  very  significant  at  light  intensities 
lower  than  7,  000  lux.     At  this  intensity  the  reaction  rate  without  addition  of 
plastocyanin  reaches  saturation.     With  added  plastocyanin,    however,    the 
reaction  rate  increases  with  further  increase  in  light  intensity  up  to  40,  000 
lux.     The  plastocyanin-induced  photoreduction  of  NADP  is  sensitive  towards 
the  inhibitors  of  the  Hill  reaction,    such  as  DCMU  and  o-phenanthroline.     This 
fact  indicates  that  the  observed  change  involves  the  Hill  reaction  activity 
including  the  oxygen  evolving  system. 
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In  concluding,    plastocyanin  is  another  necessary  factor  which  participates 
in  the  photochemical  activity  of  chloroplasts,    namely,   photooxidation  of  reduced 
cytochrome  c,    photoreduction  of  low  redox  potential  substances  in  the  presence 
of  ascorbate  and  DPIP,    and  the  Hill  reaction  with  NADP  as  electron  acceptor. 
The  removal  of  plastocyanin  from  chloroplasts  by  various  treatments  resulted 
in  the  loss  of  these  activities  which  are  recovered  more  or  less  on  addition  of 
plastocyanin.     From  the  experimental  facts  described  above,    it  may  be  inferred 
that  this  substance  is  an  electron  carrier  between  the  two  postulated  photo- 
chemical reactions  of  the  photosynthetic  mechanism,    although  the  final  decision 
must  await  further  investigation. 

This  investigation  was  supported  by  a  research  grant  (GAMNS  6208)  from 
Rockefeller  Foundation. 
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EVIDENCE  FOR  THE  ROLE  OF  SEVERAL  QUINONES  IN  THE  ELECTRON 
TRANSPORT  SYSTEM  OF  CHLOROPLASTS 

R.  A.   Dilley,  M.   D.   Henninger  and  F.  L.  Crane 


PROPERTIES  OF  CHLOROPLAST  QUINONES 

Present  evidence  indicates  that  there  are  four  compounds  of  the  plasto- 
quinone  type  in  spinach  chloroplasts  '^\     In  addition,  there  occurs  o<-  ^- 
and   2J-tocopherylquinones  and  vitamin  K^  ^^'  '^\     Hereafter,  the  plasto- 
quinones  will  be  abbreviated  PQ-A-B,  etc;  and  the  tocopherylquinones 
oi-  >^-TQ,  etc.    Table  I  lists  chromatographic,  spectrophotometric,  and 
melting  point  data  of  these  quinones.     The  PQ-C  and  -D  data  represent  the 
best  preparations  to  date  and  further  purification  may  be  possible. 

The  four  plastoquinones  appear  to  be  widely  distributed  in  the  plant  king- 
dom.   They  have  all  been  found  in  a  variety  of  species  including  mono-  and 
dicotyledon  types  and  in  the  green  algae  Chlamydomonas  reinhardi. 

Table  I 
Properties  of  Spinach  Chloroplast  Quinones 


Quinone         Rf 


Absorbance 
Maximum 
mjj  in  ETOH 


PQ-A  0.74  255 

PQ-B  0.78  255 

PQ-C  0.  49  262 

PQ-D  0.40  262 

of-TQ  0.37  261,  269 

/?-TQ  0.33  261 

y-TQ  0.25  258 

Vit.  Ki  0.  80  241,  261 

249,  269 


F  1% 

^  1  cm 
at  A  max. 


246 
202 
96 
55 
414 
430 
430 


Isobestic 

Points 

m^ 

M.  P. 

276,  233 

44°  C 

276,  233 

35°  C 

283,  232 

Oil 

290,   226 

Oil 

282,   232 

Oil 

280,   229 

Oil 

279,   230 

Oil 

253,  281 

Oil 

Thin  layers  (250  p)  of  silica  gel  G,  chloroform  as  solvent. 
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Separation  and  Identification  of  Quinones 

Thin- layer  chromatography  has  been  of  tremendous  value  in  the  separa- 
tion and  identification  of  naturally  occurring  quinones.    In  addition  to  being 
a  rapid  means  of  getting  high  resolution  and  handling  relatively  large  quan- 
tities of  material,  this  method  allows  the  simultaneous  determination  of  the 
oxidized  and  reduced  forms  of  plastoquinones  ^^' .    Preparative  strip  chroma- 
tography is  easily  accomplished  using  the  thin-layer  technique,  thus  allowing 
isolation  of  measurable  quantities  of  compounds  which  occur  in  very  small 
amounts. 

PHOTO- INDUCED  CHANGES  OF  CHLOROPLAST  QUINONES 

A  study  was  conducted  on  the  effect  of  light  on  the  concentration  of  the 
oxidized  form  of  cx-TQ,  PQ-(A-fB),  and  PQ-D  in  spinach  chloroplasts.    Thin- 
layer  chromatography  was  used  to  isolate  the  quinones  from  an  acetone 
extract  of  the  chloroplasts  ^^'.    The  conditions  of  the  experiments  are  given 
under  Table  II.    Although  the  incident  light  intensity  was  1600  foot  candles, 
the  suspensions  were  so  thick  that  the  chloroplasts  may  be  considered  as 
exposed  to  a  lower  light  intensity.    Table  II  shows  the  results  of  a  repre- 
sentative experiment.    It  is  seen  that  low  intensity  white  light  results  in  an 
increase  in  the  concentration  of  oL-TQ  and  PQ-(A-fB). 

Table  II 

Light  and  NADP- Induced  Changes  in  Chloroplast  Quinone  Concentrations 

a-TQ  PQ-D  PQ-(A+B) 

umoles  umoles  umoles 

dark      light         dark      light         dark      light 

1  0.55       1.1  1.3        1.3  6.4        8.1 

1 -I- NADP        0.60      1.6  1.3        2.5  7.4        5.6 

Fresh  spinach  chloroplasts  (prep)ared  according  to  Jagendorf  and 
Avron  (5),  chlorophyll  assayed  by  method  of  Arnon  (6) )  corres- 
ponding to  50  mg  chlorophyll,  0.  05  M  tris  pH  8.  0,  0.  01  M  NaCl, 
7.  5  umoles  NADP,  and  distilled  water  to  make  final  volume  200 
ml.     Light  intensity  1600  foot  candles. 

The  presence  of  NADP  in  the  reaction  mixture  resulted  in  a  marked 
increase  in  oc-TQ  and  PQ-D  levels  but  a  decrease  in  PQ-(A+B).     Friend  and 
Redfearn  have  also  shown  a  decrease  in  the  concentration  of  oxidized  PQ-A  in 
the  presence  of  added  NADP  (^).    Other  experiments  revealed  that  these  light 
and  NADP- induced  changes  were  inhibited  by  o-phenanthroline  at  10"  4  M, 
and  that  a  dark  incubation  period  following  the  light  exposure  resulted  in 
about  the  same  quinone  levels  as  in  the  dark  control.    Experiments  are 
presently  underway  to  study  the  stoichiometry  of  the  changes  in  OC-TQ, 
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^-TQH2,  and  cX -tocopherol  levels  under  various  conditions. 

RESTORATION  OF  ELECTRON- TRANSFER  REACTIONS 
IN  EXTRACTED  CHLOROPLASTS 

In  conjunction  with  studies  of  the  redox  state  of  quinones  under  various 
conditions,  extraction  and  restoration  experiments  provide  information  re- 
garding the  site  of  action  of  the  naturally  occurring  quinones. 

The  results  of  restoration  experiments  depend  strongly  on  the  solvent 
used  in  extracting  the  lyophylized  chloroplasts.     Extraction  with  n-heptane  or 
petroleum  ether  removes  a  major  portion  of  PQ-A  but  very  little  of  the  other 
neutral  lipids  of  interest.    On  the  other  hand,  acetone  removes  90%  chloro- 
phyll,  100%  PQ-A  and  PQ-B,  60%  PQ-C  and  D,  and  20%  or  less  of  the 
tocopherylquinones  ^^\     Hence,  it  is  expected  that  wide  variations  in  results 
would  occur  between  laboratories  using  the  various  extraction  methods.     In 
addition  to  extracting  a  large  amount  of  the  quinones  and  chlorophyll,  the 
acetone  treatment  results  in  an  apparent  alteration  of  the  binding  of  the 
chlorophyll  remaining  in  the  chloroplast  as  evidenced  by  a  shift  in  the  ab- 
sorption spectrum  peak  from  678  mp  to  668  m^  (in  aqueous  suspension). 

Table  III 


Quinone 


Restoration  of  Photoreductive  Activities  by  Quinones 


Added 
^moles 


Acceptor 
DPIP-AA  to     Cyt. 


Water  to  

NADP(l''^)       NADP2,4) 


.(1,4) 


Ferri-(3,4) 
cyanide 


Extracted 
Chloroplasts 

Dried 

Chloroplasts 

PQ-A 

PQ-B 

PQ-C 

PQ-D 

PQ-A+D+C 

PQ-C+D 

oc -TQ 

/^-TQ 

aJ-TQ 


none 

none 

0.026 

0.026 

0.013 

0.013 

as  above 

as  above 

.005 

.009 

.001 


6.6 

28. 
3.0 

30. 

4.2 
-   0.6 

23. 
2.4 
2.4 
0.6 

16. 


7.8 

22. 
■15. 

14. 

27. 
-17. 

4.2 
■   5.4 
-10. 
■10. 

17. 


('•)  Assayed  by  the  method  of  Keister  et  al  ^^^ 
(^)  Assayed  by  the  method  of  Vernon  and  Zaugg  ^^' 
(^)  Assayed  by  the  method  of  Henninger  etal  ^^' 
(^)  pmoles  reduced/hr/mg  chlorophyll 


24. 

240. 

•  6.0 
15. 
30. 

•  15. 

72. 
120. 

96. 
120. 


290 

640 
600 
530 
500 
580 

240 
320 
840 
650 
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Table  III  shows  the  effect  of  adding  back  the  various  quinones  to  acetone 
extracted  spinach  chloroplasts.    Following  extraction  there  is  a  decrease  in 
the  rates  of  reduction  of  ferricyanide,  cytochrome  c  and  NADP,  but  on  a 
chlorophyll  basis  there  is  an  increase  in  the  photoreduction  of  indophenol. 
On  a  dry  weight  basis  there  is  a  decrease  in  all  the  reductase  activities. 

It  is  apparent  that  there  is  considerable  variation  in  the  extent  of  stimu- 
lation of  a  particular  photoreduction  by  the  various  quinones. 

The  photoreactions  are  inactivated  by  heating  the  chloroplast  suspension 
to  100°  C  for  two  minutes. 

Two  general  statements  can  be  made  about  the  restoration  of  photo- 
reductase  activities  by  plastoquinones  and  tocopherylquinones  as  shown  in 
Table  III.     First,  none  of  the  quinones  stimulate  all  activities.     Secondly,  the 
tocopherylquinones  tend  to  be  effective  in  restoration  of  certain  activities  at 
much  lower  levels  than  the  amounts  of  plastoquinones  required  for  restora- 
tion of  activity.     It  may  also  be  noted  that  the  tocopherylquinones  occur  at 
much  lower  concentrations  in  vivo.     Ferricyanide  reduction  is  the  least 
selective  process  and  is  stimulated  to  some  extent  by  all  quinones  except 
«-tocopherylquinone.    ^  and   y- tocopherylquinones  as  well  as  a  mixture  of 
PQ-C  +PQ-D  are  also  effective  for  restoration  of  cytochrome  c  reduction. 
Purified  PQ-C  is  also  slightly  active  in  this  system.    The  ascorbate  dependent 
NADP  reduction  is  stimulated  by    Jj'-tocopherylquinone,  PQ-B  and  PQ-C.     In 
contrast  to  this  the  reduction  of  NADP  from  water  requires  the  addition  of 
PQ-A  +  PQ-C  +  PQ-D  on  the  one  hand  or  PQ-B  alone  on  the  other  (n).    The 
combined  effects  of  more  than  one  quinone  are  consistent  with  observations 
of  Trebst  of  more  than  one  quinone  site  '^^^  in  the  electron  transport  system 
of  chloroplasts. 

After  acetone  extraction  there  is  the  appearance  of  a  new  type  of  activity, 
namely  a  photooxidation  of  reduced  cytochrome  c  or  NADP  in  the  presence  of 
certain  added  quinones.    This  type  of  activity  islllustrated  by  negative  values 
shown  in  Table  III.    In  the  experiments  illustrated  in  the  table  where  negative 
values  are  shown,  addition  of  quinone  in  the  dark  leads  to  a  partial  reduction 
of  cytochrome  c  or  NADP.    When  the  system  is  exposed  to  light,  the  reduced 
acceptor  is  oxidized.    This  type  of  activity  is  best  seen  when  PQ-A  or  PQ-D 
is  added  to  the  acetone-extracted  chloroplasts  in  the  NADP  system.     Similar 
effects  can  be  shown  when  reduced  NADP  is  added  at  the  start  with  subse- 
quent oxidation  occurring  in  the  light.    These  dark  reduction  and  photo- 
oxidation  processes  are  readily  reversible.     After  photooxidation  in  the  light 
the  NADP  can  be  shown  to  return  partially  to  the  reduced  form  when  the 
system  is  returned  to  the  dark.     It  would  appear  that  the  addition  of  certain 
quinones  makes  a  pool  of  reducing  power  available  for  reduction  of  NADP  in 
the  dark,  and  that  the  electron  flow  is  reversed  in  light  to  regenerate  the 
pool  of  reducing  power  with  consequent  oxidation  of  the  NADPH2. 

The  photoreduction  of  both  NADP  and  cytochrome  c  has  been  shown  by 
Keister  et  al  ^^'  to  require  the  presence  of  an  enzyme,  photosynthetic 
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pyridine  nucleotide  reductase  (PPNR).     The  restoration  of  cytochrome  c 
reduction  by  e^-tocopherylquinone  and  by  the  PQ-C  +PQ-D  mixture  also  re- 
quires addition  of  PPNR  as  does  the  PQ-A  +  PQ-D  +  PQ-C  dependent  reduction 
of  NADP.     The  photooxidation  of  reduced  NADP  which  occurs  when  PQ-A  is 
added  to  extracted  chloroplasts  is  also  stimulated  by  addition  of  PPNR. 

These  results  lead  us  to  the  proposal  that  there  are  several  sites  for 
quinone  function  in  chloroplasts  which  show  considerable  specificity  with 
regard  to  quinone  type.    Further  experimentation  will  be  necessary  to 
determine  the  site  of  function  of  each  of  these  quinones. 

This  research  was  supported  in  part  by  Grants  GM08025  and  GM10741 
from  the  National  Institutes  of  Health  and  by  Grant  GB567  from  the  National 
Science  Foundation. 
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THE  PATHWAY  OF  METMYOGLOBIN  AND  NADP  REDUCTION 
BY  ILLUMINATED  CHLOROPLASTS 

H.    E.   Davenport 


It  has  been  shown^l)  that  the  "methaemoglobin  reducing  factor"  of  Daven- 
port,   Hill  and  Whatley(2)  is  in  its  purified  form^^)  identical  with  the  "photo- 
synthetic  pyridine  nucleotide  reductase"  (PPNR)  of  San  Pietro  and  Lang(4). 
More  recently  the  name  ferredoxin^^^  has  been  proposed  for  this  same  leaf 
protein  and  will  be  adopted  in  what  follows. 

When  a  comparison  was  made  of  the  catalytic  activities  of  purified 
preparations  of  ferredoxin  in  promoting  the  photochemical  reduction  of  nicotin- 
amide adenine  dinucleotide  phosphate  (NADP)  on  the  one  hand,    and  sperm  whale 
metmyoglobin  on  the  other,    it  was  found  that  the  relative  rates  of  these  two 
reactions,    measured  under  identical  conditions,    may  show  wide  variations. 
The  variability  did  not  appear  to  be  related  to  the  source  or  method  of  prepara- 
tion of  the  ferredoxin  but  rather  to  the  source  and  pretreatment  of  the  chloro- 
plasts  or  grana  used  in  the  assay  mixtures.     The  garden  pea  (Pisum  sativum) 
yielded  chloroplast  material  showing  the  widest  variability,    and  spinach 
(Spinacea  oleracea)  the  least.     Pea  chloroplast  material  was  therefore  chosen 
for  use  in  a  systematic  examination  of  the  causes  of  the  observed  variability. 

It  had  been  shown  earlier^!'  2,  3)  that  when  pea  chloroplasts  are  prepared 
in  isotonic  sucrose  a  single  further  wash  in  the  same  medium  suffices  to  abolish 
their  capacity  to  reduce  NADP  or  metmyoglobin  unless  ferredoxin  is  added 
back  to  the  reaction  mixture.     For  this  reason  it  was  not  possible  to  establish 
conclusively  that  ferredoxin  is  located  exclusively  in  the  chloroplast.     When 
such  ferredoxin-depleted  pea  chloroplasts  are  fragmented  in  dilute  buffer  and 
washed  repeatedly  in  water  the  pattern  of  their  reactivity  towards  NADP  and 
metmyoglobin,    assayed  in  the  presence  of  adequate  ferredoxin,    undergoes  a 
progressive  change.     In  the  experiment  cited  in  Table  1  the  capacity  of  the 
fragments  to  reduce  NADP  was  diminished  by  87%   after  six  washes  whereas 
the  reduction  rate  with  metmyoglobin  increased  by  60%.     In  attempts  to  reverse 
the  inactivation  of  NADP  reduction  the  pooled  wash-fluid  was  subjected  to  frac- 
tionation with  ammonium  sulphate.     A  protein  fraction,    precipitated  between 
the  limits  50-66%  saturation  was  found,    after  prolonged  dialysis  to  remove 
ammonium  sulphate,    to  be  capable  of  restoring  completely  the  NADP  reducing 
activity  of  the  chloroplast  fragments.     The  addition  of  this  fraction  to  the  assay 
system  was  without  effect  on  metmyoglobin  reduction. 


278 


279 


H.    E.   Davenport 


TABLE  1 


The  Effect  of  Successive  Water  Extractions  of  Pea  Chloroplasts  on 

Their  Capacity  to  Photoreduce  NADP  and  Metmyoglobin  in  the 

Presence  of  a  Saturating  Amount  of  Ferredoxin 


Rate  of  Reduction 
Treatment  of  Chloroplast                                           (/ixmoles/mg  chlorophyll /h) 
Material  Metmyoglobin NADP 


As  prepared  in  0-  4  M  sucrose 

0-  1  M  tris-HCl,    pH  7- 8  188  87 

Extracted  with  water: 

twice  220  39 

three  times  265  25 

six  times  302 1_1_ 


Reaction  mixtures  contained  (in  3  ml.  )  chloroplast  material  equivalent  to 
0-  03  mg  chlorophyll;  pea  ferredoxin  0-  15  mg  and  (in  /zmoles)  NADP  0-  5  or 
metmyoglobin  0- 025;  tris-HCl  buffer,    pH  8- 0,    150;  sodium  chloride,    20. 
Reaction  measured  as  increase  in  extinction  at  340  m/n  (NADP)  or  582  mfi 
(metmyoglobin)  after  successive  periods  of  illumination  of  50,000  lux.    Gas 
phase  air  20°. 

Once  it  was  established  that  the  active  material  could  be  extracted  from 
isolated  chloroplasts  it  was  found  more  convenient  to  prepare  it  from  leaves 
as  a  by-product  in  the  routine  preparation  of  ferredoxin  either  by  the  method 
of  Davenport  and  Hill^^)  or  of  Tagawa  and  Arnon(5).     In  either  case  material 
precipitated  within  the  ammonium  sulphate  saturation  limits  50-66%  was  re- 
served for  further  purification.     The  active  material  was  shown  by  the  method 
of  DeLuca,    Weber  and  Kaplan^S)  to  contain  flavin  adenine  dinucleotide  and  it 
will  be  referred  to  as  "chloroplast  flavoprotein.  " 

Ferredoxin  and  chloroplast  flavoprotein  were  examined  as  two  variable 
quantities  required  for  the  restoration  of  NADP  reduction  by  protein-depleted 
pea  chloroplasts.     Fig.    1  shows  that,    in  a  reaction  mixture  containing  a  rate- 
saturating  amount  of  ferredoxin  the  rate  of  photochemical  reduction  of  NADP 
was  linearly  related  to  the  amount  of  added  flavoprotein  until  the  photochemical 
system  became  saturated  with  respect  to  this  second  soluble  factor  at  a  reduc- 
tion rate  similar  in  magnitude  to  rates  obtained  with  unwashed  chloroplasts 
where  ferredoxin  is  the  only  soluble  factor  needed.     The  converse  type  of  ex- 
periment where  ferredoxin  was  the  variable  factor  is  shown  in  Fig.    2. 

Independent  evidence  that  a  factor  normally  retained  within  the  chloro- 
plast is  involved  in  NADP  reduction  was  obtained  by  the  selective  inhibition  of 
this  second  factor  by  phenyl  mercuric  acetate  (PMA)  in  situ.     It  has  been 
shown(3.  4)  that  mercurial  compounds  inactivate  ferredoxin;  their  inclusion  in 
the  assay  mixture  would  not,    therefore,    be  expected  to  inhibit  metmyoglobin 
and  NADP  reduction  differentially.     In  order  to  localize  the  action  of  the  heavy 
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Fig.    1.     (Left)    Activity  of  pea-leaf  flavoprotein  fraction  in  restoring  the 
capacity  of  protein-depleted  pea  chloroplast  fragments  to  photoreduce 
NADP  in  the  presence  of  saturating  concentration  of  ferredoxin.     Ex- 
perimental conditions  as  for  NADP  reduction  in  Table  1  except  that 
each  cell  contained  pea  chloroplast  fragments  extracted  six  tinnes  with 
water  and  equivalent  to  0-  025  mg  chlorophyll.     D,  Experimental; 
■  >  corrected  for  dark  oxidation. 

Fig.  2.  (Right)  Activity  of  pea  ferredoxin  in  mediating  NADP  photoreduc- 
tion  by  protein-depleted  pea  chloroplast  fragments.  D,  With  no  further 
additions;  ■>  in  the  presence  of  a  saturating  amount  (0-  13  mg)  of  a  pea- 
leaf  flavoprotein  fraction.     Experimental  conditions  as  Fig.    1. 


metal  pea  or  spinach  chloroplasts  prepared  in  isotonic  sucrose  were  pretreated 
for  5  min.   in  sucrose  solution  containing  5  x  10"^  M  PMA  and  then  washed 
twice  in  sucrose  solution.     Such  treated  chloroplasts  when  compared  with  others 
which  had  undergone  a  similar  series  of  washes  in  sucrose  alone  were  found, 
when  supplemented  by  ferredoxin,    to  retain  unchanged  their  capacity  to  reduce 
metmyoglobin.     By  contrast  their  NADP  reducing  capacity  was  impaired  to  a 
large  but  variable  extent.     (Table  2) 

It  was  reported  earlier'^'  that  ferredoxin-catalyzed  reduction  of  NADP 
is  stimulated  by  the  presence  in  the  reaction  mixture  of  a  phosphate-accepting 
mixture  consisting  of  ADP,    Mg++  and  orthophosphate.     The  pattern  of  this 
stimulation  in  a  reconstituted  system  of  washed  pea  chloroplasts  supplemented 
by  ferredoxin  and  chloroplast  flavoprotein  is  shown  in  Fig.    3.     Phosphorylation 
of  ADP  was  shown  to  accompany  the  stimulated  reaction  rate. 


281 


I 


H.    E.    Davenport 


TABLE  2 


The  Effect  of  Treating  Intact  Pea  Chloroplasts  with  Phenyl  Mercury 
Acetate  on  Their  Capacity  to  Photoreduce  NADP  and  Metmyoglobin 


Chloroplast  Treatment 

Untreated 
Treated  with  PMA 
Inhibition  (%) 


Rate  of  Reduction 
()Limoles/mg  chlorophyll/h) 
Metmyoglobin NADP 


168 

170 

0 


60 
20 
66 


Reaction  mixtures  as  Table  1  except  that  chloroplasts  contained  0-  045  mg 
chlorophyll. 

Photochemical 

+ 
Reduction       of      NADP 

Additions 


04    _ 


Illumination 


time 


(mln^ 


Complete 


Ferredoxin 
ADP       etc  . 


Ferredoxin 
Flavoprotcin 


Ferredoxin 


I 


( 


Fig.  3.  Effect  of  ferredoxin,  chloroplast  flavoprotein  and  a  phos- 
phate accepting  system  on  IMADP  reduction  by  protein-depleted 
pea  chloroplast  fragments. 

Reaction  mixtures  contained  (in  3  ml)  four  times  extracted  pea 
chloroplast  fragments  equivalent  to  0.015  mg  chlorophyll  and 
(inMmoles)  Tris  HCl  pH  8,    150;  NADP,    0.5;  NaCl,    20.     Where 
indicated  ferredoxin,    0.  15  mg,    flavoprotein  2.0  mg,    and  (in 
/imoles)  ADP,    0.5;  Na2HP04,    5.0;  MgCl2,    10  were  added. 
30,  000  lux,    20O  air. 
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The  results  described  appear  to  be  consistent  with  the  reduction  sequence 
shown  diagrammatically  as  Fig.   4.     The  electron  transport  pathway  leading  to 
the  reduction  of  NADP  is  that  proposed  by  Tagawa  and  Arnon(5)  and  the  diagram 
shows  also  the  position  of  metmyoglobin  in  the  reduction  sequence.     This  inter- 
pretation is  supported  by  the  further  observation  that  in  a  soluble  system  both 
ferredoxin  and  flavoprotein  are  required  for  the  dark  reduction  of  metmyoglobin 
by  NADPH.     Lazzarini  and  San  PietroC^)  have  described  a  similar  reaction  where 
cytochrome  c  replaced  metmyoglobin  and  where  the  flavoprotein  was  identified 
as  transhydrogenase.     Attempts  to  detect  transhydrogenase  activity  in  the  pea 
chloroplast  flavoprotein  by  the  method  of  Keister  and  San  Pietro(8)  have  been 
unsuccessful  and  this  negative  finding  would  appear  to  preclude  the  reaction 
sequence  postulated  by  Lazzarini  and  San  Pietro  for  the  photochemical  reaction. 


Fe 


+++ 


RED 


Ferredoxin 


ox 


Myoglobin 


NADP 


NADPH 


Fig.  4.  Diagrammatic  representation 
of  metmyoglobin  and  NADP  reduc- 
tion by  illuminated  chloroplasts 

The  pea  leaf  flavoprotein  has 
properties  similar  to  those  of  the 
NADPH  specific  diaphorase  ex- 
tracted from  spinach  chloroplasts 
by  Avron  and  Jagendorf(9). 


In  the  original  isolation  of  ferredoxin  from  plant  material^  ^'  '^'  the 
metmyoglobin  reducing  activity  was  used  as  a  rapid  and  convenient  assay 
method  for  the  protein  without  reference  to  the  nature  of  the  natural  hydrogen 
acceptor  in  the  plant  cell.     The  results  recorded  above  suggest  that  the  method 
may  still  be  of  value  as  a  general  assay  method  uncomplicated  by  a  require- 
ment for  a  second  catalytic  factor.     Some  experiments  with  a  partially  purified 
preparation  of  Clostridium  ferredoxin  (a  gift  of  Dr.   J.   E.   Carnahan)  support 
this  suggestion. 
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Fig.    5  shows  that  the  Clostridium  protein  is  highly  active  as  a  "methaemo- 
globin  reducing  factor"  but  is  markedly  inferior  to  pea  ferredoxin  as  a  "pyridine 
nucleotide  reductase.  " 
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Fig.    5.     A  comparison  of  the  activities  of  pea  and  Clostridium  ferre- 
doxins  as  catalysts  of  NADP  and  metmyoglobin  reduction  by  illumi- 
nated pea  chloroplasts 
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OK  THE  PARTICIPATION  OF  CYTOCHROME  f  IN  PHOTOSYNTHETIC 

ELECTRON  TRANSPORT 

Giorgio  Forti,    Maria  Luisa  Bertole  and  Bruno  Parisi 

Cytochrome  f  was  first  isolated  by  Hill  and  Scarisbrick(  D  from  higher 
plants,    and  obtaine'd  in  highly  purified  form  from  parsley(2).     Evidence  for  the 
occurrence  of  this  pigment  in  a  large  number  of  photosynthetic  tissues  has  been 
presented(2),    as  well  as  for  its  being  present  only  in  green  tissues<2). 

In  order  to  investigate  the  participation  of  cytochrome  £in  the  photosyn- 
thetic reactions  of  isolated  chloroplasts  and  grana,    we  have  studied  a  new 
method  for  the  purification  of  cytochrome  f,    utilizing  the  excellent  initial  ex- 
traction procedure  reported  by  Davenport  and  Hill(2),    with  only  one  modifica- 
tion.    This  consisted  of  the  addition  of  the  non-ionic  detergent  Triton  X  100  (at 
the  concentration  of  1%  v/v)  to  the  ethanol-ammonia  extraction  solvent.     The 
new  method,    to  be  published  elsewhere<3)^    involves  further  ammonium  sulfate 
fractionation  and  column  chromatography  on  Sephadex  dextrans.     A  highly 
purified  preparation  was  obtained,    showing  a  ratio  O.  D.   at  422  m^  to  that  at 
278  mu  of  2.  8.     The  absorption  spectrum,    as  well  as  the  reduced  minus  oxidized 
difference  spectrum  is  identical  to  the  one  reported  by  Davenport  and  Hill^    '. 
The  purity  of  the  present  preparation  seems  slightly  higher,    as  indicated  by 
the  higher  ratio  of  absorbancy  at  422  m^  to  absorbancy  at  278  m/i.     The  most 
purified  preparation  still  retains  catalase  activity,    as  reported  by  Davenport 
and  Hill(2).     Whether  this  activity  is  due  to  contamination  or  is  an  intrinsic 
property  of  cytochrome  f_  is  not  clearly  established  at  this  moment. 

REACTIONS  OF  CYTOCHROME  f  WITH  ISOLATED  CHLOROPLASTS 

Cytochrome  f  is  reduced  by  chloroplasts  or  grana  in  the  light,    as  pre- 
viously reported(4J7  and  ATP  formation  is  coupled  to  this  reaction  with  a 
P/2e-  ratio  of  l(4). 

Recent  experiments  showed  that  the  photoreduction  of  cyt.£  is  observed 
in  air  as  well  as  in  N2  atmosphere,    contrary  to  our  first  report  that  N2  was 
needed.     Careful  washing  of  the  chloroplasts  seems  to  be  critical  for  efficient 
photoreduction  in  air.     According  to  current  schemes  on  the  function  of  cyto- 
chrome f  in  photosynthesis,    this  component  should  be  oxidized  by  the  same 
photoche"mical  system  which  is  responsible  for  TPN  reduction  (chlorophyll  a, 
or  system  1  of  Duysens  and  Coworkers(5)),    and  should  be  reduced  by  the  photo- 
chemical reaction  of  the  "accessory  pigments"  (system  2(5)).     Such  a  scheme 
would  imply  that  cyt.  f   reduction  is  inhibited  by  p-chlorophenyldimethylurea  (CMU), 
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and  this  is  indeed  observed^^);  also,    that  it  should  be  oxidized  in  the  light  by 
chloroplasts,    in  the  presence  of  photosynthetic  pyridine  nucleotide  reductase 
(PPNR)  and  TPN.     This  is  clearly  not  the  case^^);    under  no  conditions  was 
oxidation  of  added  cytochrome  f  by  chloroplasts  or  grana  observed,    in  the 
light  or  in  darkness.     Furthermore,    the  presence  of  oxidized  cyt.  £  inhibits 
the  photoreduction  of  TPN  by  chloroplasts  in  the  presence  of  rather  large 
amounts  of  PPNR.     This  is  shown  in  figure  1.     It  can  be  seen  that  only  when 
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Fig.    1   -  TPN  and  cyt.    f_  photoreduction.     Tris  buffer  0.  05  M,    pH  8.  0; 
MgCl2  0.005  M;  ADP  0.003  M;  Pi  0.005  M;  TPN   lO'^  M. 
New-Zealand  spinach  (Tetragonia)  chloroplasts  containing 
ITy  of  chlorophyll.     Final  volume:     1  ml.     Additions:  cyt.  f°^ 
21  and,    respectively  16  mfimoles;  flavoprotein  0.9  units 
(0.9  /xmoles  of  ferricyanide  reduced  per  minute)  PPNR 
0,05  ml.     Light:  20.  000  Lux. 
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all  or  almost  all  the  cyt.  _f  has  been  reduced,    TPN  reduction  begins.     Under 
this  aspect,    cyt.   f  behaves  like  ferricyanide(6).     pig.    1  also  shows  that  the 
addition  of  the  purified  chloroplast  flavoprotein  (prepared  according  to  Keister 
et  al.C'')  prevents  the  inhibition  of  TPK  reduction  by  oxidized  cyt.   f.     These 
observations  indicate  that  cyt.  £  photoreduction  by  chloroplasts  is  competitive 
with  the  reduction  of  TPN.     In  other  words,    the  same  photochemical  system 
(chlorophyll  a,    or  system  1  of  Duysens  et  al.^^))  ig  providing  electrons  for 
the  reduction  of  both  TPN  and  cytochrome  f,    in  contrast  with  the  widely  ac- 
cepted scheme  according  to  which  cytochrome  f_  is  reduced  by  the  accessory 
pigment  system  and  oxidized  by  chlorophyll  a.     More  direct  evidence  was 
found  to  support  this  hypothesis.     The  chloroplasts  are  able  to  reduce  cyto- 
chrome f  in  the  dark,    utilizing  TPNH  as  the  specific  electron  donor.     The 
ratio  of  This  enzymatic  activity  to  diaphorase  and  transhydrogenase  activity  of 
chloroplasts  is  shown  in  table  1.     Under  the  conditions  indicated  in  table  1,    the 
rate  of  non-enzymatic  reduction  of  cyt.f_°^  by  TPNH  is  approximately  3%  of 
the  enzymatic  reaction.     It  can  be  seen  from  the  data  reported  that  the  ratios 
of  the  three  activities  are  comparable  for  chloroplasts  and  for  the  purified 
enzyme.     Furthermore,    the  observed  rates  of  TPNH-cytochrome  f_  reductase 
activity  of  spinach  chloroplasts  are  adequate  to  account  for  the  observed  rates 
of  cytochrome  photoreduction,    ranging  around  40-50  |jmoles  per  milligram  of 
chlorophyll  per  hour,    under  light  saturation  conditions.     Higher  rates  of  photo- 
reduction,   up  to  120  jimoles/mg  Chi.   per  hour,    have  been  observed  with 
Tetragonia  chloroplasts. 


TABLE  1 
Enzymic  Activities  of  Chloroplasts  and  of  Purified  Flavoprotein 


Spinach  chloroplasts        Purified  flavoprotein 
Activity  yequivalents/mg  chl.     yequivalents/mg  protein 

h.  min. 


TPNH  — .►Fe(CN)g 


790  48.00(152) 

TPNH  .►  DPN  8.04  0.93(290) 

TPNH — ^cyt.fox  40.00  3.00 


Conditions:  Tris  buffer  0.05  M,   pH  8.0;  TPNH  lO'^M; 

Ferricyanide  5  x  lO'^M  DPN  lO'^M.     Cytochrome  f^^lO-^M. 
The  number  between  brackets  indicates  specific  activities 
as  defined  by  Keister  et  al.C^). 


TPNH-CYTOCHROME  f  REDUCTASE  OF  SPINACH 

As  indicated  in  table  1,    the  purified  diaphorase-transhydrogenase^'^)  has 
a  strong  cytochrome  f  reductase  activity.     Table  2  summarizes  the  different 
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activities  of  the  enzyme.     It  can  be  seen  from  table  2  that  cyt.£  is  reduced  by 
the  enzyme  3  times  faster  than  DPN,    no  additions  being  required.     Cytochrome  c 
is  not  reduced  without  the  addition  of  an  intermediate  carrier  as  FMN  or  PMS. 
The  enzyme  is  specific  for  TPNH  as  the  electron  donor,    and  no  activity  is  ob- 
served with  DPNH  (table  2). 


TABLE  2 
Activities  of  the  Purified  Flavoprotein  From  Spinach 


Substrate 


TPNH  2  X  10-5m 
id. 
id. 
id. 
id. 

DPNH  2.  7  X  10-5m 
id. 


Activity 


Fe(CN)g  reduction 

cyt.  f  reduction 
cyt.  c  reduction 
DPN  reduction 
On  reduction 

cyt.  f  reduction 
Fe(CN)f^  reduction 


Addition 
None       FMN  5x10-6m 


8.8 

- 

5.9 

- 

0.06 

I.  12 

2.24 

- 

0.23 

5.0 

0.00 

_ 

0.26 

Conditions:    Cytochrome  f°^  1.64  x  lO'^M;  cytochrome  c  1.5  mg/ml; 
Ferricyanide  5  x  lO'^M.     Tris  0.05  M,    pH  8.0. 
The  concentration  of  TPNH  was  kept  constant  by  use  of 
Glucose  6-P  dehydrogenase  system.     The  values  are 
expressed  in  ji  equivalents /min.   x  mg  protein. 


Preliminary  experiments  showed  that  the  Ks  for  TPNH  is  approximately 
4  X  10-6. 

The  question  of  whether  the  three  activities,    namely  diaphorase,    cyt.£ 
reductase  and  transhydrogenase  are  due  to  the  same  enzyme  or  to  different 
proteins  present  in  the  preparation  remains  to  be  established.     The  cytochrome  f_ 
reductase  could  possibly  be  the  same  protein  as  the  diaphorase  of  Avron  and 
Jagendorf^S),    and  the  cytochrome  c  reductase  (requiring  the  addition  of  FMN) 
described  by  Marre  and  Servettaz^^).     These  Authors  suggested^)  that  cyto- 
chrome f  could  be  the  natural  electron  acceptor  for  the  enzyme.     The  proper- 
ties of  the  enzyme  are  being  studied. 


DISCUSSION 

The  results  obtained  suggest  an  hypothesis  on  the  participation  of  cyto- 
chrome f  in  photosynthetic  electron  transport,    different  from  the  most  widely 
acceptecTscheme  according  to  which  cyt.  f  mediates  the  electron  transfer  from 
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water  (through  the  photochemical  system  2^^^)  to  the  oxidizing  agent  formed  upon 
absorption  of  light  by  system   1.     According  to  our  hypothesis,    cytochrome  f_  is 
reduced  by  the  electrons  coming  from  light-excited  system  1  (chlorophyll  a) 
via  PPNR,    flavoprotein  and  TPN.     Such  an  hypothesis  is  supported  by  the 
following  evidence:    (a)    Reduced  cyt.   f_  is  not  photooxidized  by  chloroplasts  in 
the  presence  of  PPMR  and  TPN,    with  or  without  the  further  addition  of  purified 
flavoprotein,    in  the  presence  of  CMU  to  prevent  photoreduction  by  water(4). 
(b)    The  chloroplasts  contain  TPNH-cyt.   f_  reductase  activity  (table  1),    which 
is  due  to  a  flavoprotein  purified  together  with  the  TPNH  diaphorase-transhydro- 
genase  of  Keister  et  al.('7).     The  ratio  of  diaphorase,    transhydrogenase  and 
cytochrome  f   reductase  activities  of  chloroplasts  closely  resembles  the  ratio 
between  thes'e  activities  found  with  the  purified  enzyme.     Finally,    (c),    oxidized 
but  not  reduced  cyt.   f_  inhibits  the  photoreduction  of  TPN  by  the  system  chloro- 
plasts-PPNR,    in  spit'e  of  the  fact  that  the  rate  of  TPN  reduction  by  the  same 
system  is  much  higher  than  the  rate  of  cyt.    f_  reduction  (see  fig.    1).     The  in- 
hibition is  largely  prevented  by  the  addition  of  purified  flavoprotein  (or  also 
by  the  addition  of  large  amount  of  chloroplasts,    which  contain  the  enzyme),    as 
shown  in  figure  1. 

This  finding  can  be  explained  assuming  that  cyt.£°^  binds  to  the  reduced 
flavoprotein,    which  thus  would  be  prevented  from  reacting  with  TPN.     The 
following  reaction  scheme  can  explain  the  reported  observations: 

(1)  2PPNRH  +  flavoprotein   ^  2PPKR  +  fl.pr.    H2 

(2)  fl.pr.    H2  +  2cyt.£0^         ^  fl.pr.    +  2  cyt.    fj^^^ 

(3)  fl.pr.    H2  +  TPN  -^ -fl.pr.    +  TPNH 

Reactions  (3)  from  right  to  left  and  reaction  (2)  account  for  the  TPNH- 
cytochrome  f   reductase  of  the  purified  flavoprotein. 

It  should  be  noted  that  our  evidence  with  extracted  cytochrome  f_  is  not 
in  agreement  with  currently  proposed  schemes^^)  in  which  the  primary  results 
of  photo- act  I  is  the  oxidation  of  bound  cytochrome  f.     Of  course,    it  should  not 
be  expected  that  added  cyt.   f  would  take  its  ordinary  place  in  the  chloroplast 
electron  transport  chain,    since  internal,    tightly  bound  cytochrome  is  already 
in  place.     However  it  is  not  unreasonable  to  expect  added  cyt.   f_  to  donate  or 
accept  electrons  from  the  membrane-bound  enzyme;  as  for  instance  is  the 
case  with  cytochrome  c  added  to  mitochondria. 

The  failure  to  see  photo-oxidation  of  added  cytochrome  f_  under  any 
circumstances  (including  the  addition  of  CMU)  might  possibly  be  due  to  its 
participation  in  a  cyclic  electron  flow.     If  so,    however,    the  steady  state  level 
of  cytochrome  f  in  the  cycle  would  have  to  remain  very  close  to  100%   reduced; 
which  seems  m'ost  unlikely.     In  addition,    little  or  no  stimulation  of  ATP  forma- 
tion has  yet  been  observed  due  to  adding  reduced  cytochrome  f,    even  though 
the  reduction  of  the  oxidized  form  does  support  phosphorylation. 
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Recent  results  of  Chance  et  aL^O)  indicate  that  a  cytochrome  b,  rather 
than  cytochrome  f,  is  rapidly  oxidized  when  Chlamydomonas  cells  are  illumi- 
nated with  short  flashes  of  light  of  6943  A  (absorbed  by  system  1)  obtained  by 
means  of  an  optical  maser.  The  oxidation  of  cytochrome  f,  observed  upon 
more  prolonged  illumination,  "bears  a  remote  relationship  to  the  photosynthetic 
apparatus"^  ^^^.  These  observations  are  in  agreement  with  our  results  on  the 
lack  of  photooxidation  of  cyt.   f_  by  system  1  in  isolated  chloroplasts. 

In  conclusion,    our  results  provide  the  basis  and  some  evidence  for  the 
hypothesis  that  cytochrome  f_  is  reduced  in  the  light  by  chloroplasts  by  means 
of  electrons  coming  from  system  l'^',    through  the  action  of  PPNR  and  a 
TPNH-cytochrome  f  reductase  present  in  chloroplasts.     This  enzyme  has  been 
extensively  purifiecTtogether  with  the  diaphorase-transhydrogenase  of  Keister 
et  al.C?). 

Some  properties  of  the  new  enzymatic  activity  discovered  are  described, 
including  a  preliminary  value  of  Ks  for  TPNH  of  4  x  10-6m.     It  is  to  be  estab- 
lished whether  the  transhydrogenase  and  cytochrome  f_  reductase  activities 
can  be  separated  by  further  purification.     The  results  so  far  obtained  do  not 
allow  any  speculation  on  the  path  of  cyt.£  photooxidation  by  chloroplasts:    it  is 
possible  that  the  same  02-requiring,    light-requiring  system  responsible  for 
the  oxidation  of  ascorbateHl)  and  of  quinones^^^)  might  be  involved,    with  the 
participation  of  other  intermediates. 
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THE  PHOTOSYWTHETIC  AND  RESPIRATORY  SYSTEMS  IN  EUGLENA  GRACILIS 

Fulvio  Perini 

INTRODUCTION 

Normal  Euglena  cells  are  unique  among  microaJ-gae  in  lacking 
chlorophyll  if  grown  in  the  dark.  Dark-grown  wild  type  cells 
have  proplastids  and  protochlorophyll  and  after  exposure  to  light 
form  plastids  and  chlorophyll  ^ -^^ .  During  the  investigation  of 
this  phenomenon,  Nishiraiira  '^  found  a  new  cytochrome  which  was 
called  Euglena  gracilis  cytochrome  552  or  c-552.  This  haemo- 
protein  had  many  properties  in  common  i-dLth  the  low  moleciilar 
weight  acidic  c-type  haemoproteins  which  were  isolated  from 
several  genera  of  algae  hy  Katoh  ^-'K     He  postiilated  the  exis- 
tence of  a  class  of  euLgal  c-type  cytochromes  of  high  redox 
potential,  possibly  connected  with  photosynthesis.  Euglena 
cytochrome  c-552  was  included  in  this  class.  Additional  and  more 
complete  work  on  cytochrome  c-552  was  carried  out  "by  Wolken  and 
Gross  '^^,  who  used  a  different  approach  and  technique.  The  same 
workers  also  discovered  another  cytochrome  in  dark-grown  wild 
type  and  mutant  strains.  This  protein  was  called  Euglena 
cytochrome  556,  althou^  the  asymmetrical  a-band  has  its  maximum 
at  558  W»     Smlllie  ^57  showed  the  presence  of  cytochrome  c-552 
In  chloroplasts  from  Euglena,  and  the  existence  of  a  b-type 
cytochrome,  which  he  called  bg,  like  the  higher  plant  counterpart. 
The  result  of  the  present  Investigation  confirmed  most  of  the 
mentioned  findings.  The  availability  of  Euglena  mutants  blocked 
at  various  stages  of  synthesis  of  the  photo synthetic  apparatus 
led  to  the  problem  of  differentiation  between  the  respiratory 
and  photo synthetic  electron  transfer  systems  in  this  organism. 
In  addition  to  cytochromes  c-552,  b-561  (bg),  556  and  a-605, 
photo synthetic  pyridine  nucleotide  reductase  (PPNR)  and  flavo- 
proteins  were  also  foimd. 

METHOD  OF  PREPARATION 

Cytochromes  c-552  and  55 ^ 

Light-grovm  \n.ld   type  cells  which  had  been  washed  in  0.1  N  NaCl 
+  0.05  phosphate  buffer  (pH  6.5)  were  centrifiiged  at  low  speed. 
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The  pellet  was  re suspended  in  the  same  kind  of  buffer  mixture  as 
above  and  kept  at  -20°  C  till  needed  and  then  thaved.  The 
supernatant  liquid  after  centrifugation  \ras  saved,  while  the 
sediment  was  resuspended  in  a  buffered  (pH  6.5)  mixture  of  sodium 
chloride -phosphate  and  subjected  to  the  same  treatment  as  above. 
(Buffered  salt  mixtures  used  in  this  investigation  are  always 
0.1  ionic  strength  in  phosphate.)  The  two  supernatant  liquids 
were  combined  and  ammonivim  sulfate  was  added  to  0.^  saturation, 
keeping  the  pH  near  neutrality.  The  sediment  was  discarded  and 
the  supernatant  liquid  dialysed  against  phosphate  buffer  (0.02  M, 
pH  6.8)  and  added  to  a  column  of  diethylaminoethyl-cellulose 
(DEAE).  The  portion  which  was  not  adsorbed  could  then  be  added, 
after  a  brief  dialysis  period  against  the  same  buffer,  to  a 
carboxymethyl-cellulose  (ClAC) .     The  band  from  DEAE  contained 
cytochrome  552,  which  could  be  eluted  with  0.25  ionic  strength 
buffered  salt  mixture  (pH  6.8),  and  rechromatographed  for  further 
purification.  Cytochrome  556  was  eluted  from  QAC   with  O.O5  M 
phosphate  buffer  (pH  6.8).  Each  cytochrome  preparation  v/as 
completely  free  of  other  haem  compo\mds. 

Cytochrome  556  alone  could  be  prepared  in  higher  yields  from 
etiolated  and  plastid-less  mutants  by  adjusting  the  pH  of  the 
extracting  mixture  to  7*5 • 

A  ratio  of  300-400  chlorophyll  molecuJ.es  to  1  cytochrome  552 
molec\ile  was  found  even  in  purified  preparations,  indicating 
excellent  recovery.  The  amount  of  cytochrome  556  was  15-20^ 
that  of  cytochrome  552. 

FPNR 

Slightly  higher  yields  of  cytochrome  552  were  obtained  when 
acetone  powders  were  made,  but  complications  arose  in  the  purifi- 
cation because  a  brov/n-red  pigment  \>ra,s  extracted  xmder  conditions 
of  high  salt  concentration.  The  highest  yields  were  at  pH  8.0. 
An  acetone  powder,  made  from  cells  which  had  been  exhaustively 
extracted  for  soluble  cytochromes,  as  described,  was  suspended 
in  ammoniiim  sulfate  {O.h   sat.,  pH  8.0).  The  supernatant  liquid 
after  centrifugation  was  then  fractionated  with  ammonium  sulfate. 
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yielding  three  fractions:  l)  0. 5-0. 7  sat.  containing  a  flavo- 
proteinj  2)  0.7-0.9  sat.  containing  cytochrome  c-552; 
3)  0.9-1.0  sat.  containing  PPNE. 

PHYSICAL  AND  CHEMICAL  PROPERTIES 
Cytochromes  c-552  and  356 

These  have  been  described  in  a  previous  report  and  by  Wolken 
and  Gross.  They  are  summarized  in  Table  1. 

The  spectrum  of  cytochrome  c-552  is  sho\>m  in  fig.   1. 
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Fig.  1.  Absorption  spectra  of     Fig.  2.  Absorption  spectra  of 
reduced  (continuous  line)  and  oxi-   reduced  (continuous  line)  and  ox- 
dized(broken  line) cytochrome  c-552.  idized(broken  line) cytochrome 556. 

Cytochrome  c-552  is  an  acidic  c-type  cytochrome  of  13-1^1,000  mo- 
lecular veight  per  haera  iron  atom,  as  detemiined  by  sedimentation- 
diffusion,  amino  acid  coniposition,  iron  and  haem  analysis. 
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A  peptide  containing  15  amino  acids,  obtained  after  peptic 
digestion,  contains  the  only  two  cysteine  residues  which  were 
found  in  this  protein  and  the  haem.  The  amino  acid  analysis 
indicates  an  unusually  high  proportion  of  acidic  and  neutral 
amino  acids  and  three  tryptophan  residues. 

The  haem  obtained  by  silver  sulfate  fission^  ''  appears  to  be 
identical  with  that  obtained  from  mammalian  cytochrome  c. 

Spectrally,  cytochrome  c-552  is  different  from  all  other  algal 
haemoproteins  and  more  similar  to  mammalian  cytochrome  c. 

PPNR  absorbs  in  the  Soret  region  at  the  same  wavelength  as  the 
maximum  of  cytochrome  c-552,  therefore,  preparations  of  this 
cytochrome  which  contain  PPNR  could  give  incorrect  spectral  data. 

Cytochrome  55^  is  far  more  unstable  than  cytochrome  552  linder 
drastic  conditions  such  as  exposure  to  dilute  alkali,  acid,  and 
high  salt  concentrations. 

Methylethylketone  (pH  2.0)  did  not  remove  the  prosthetic  group 
from  either  cytochrome  552  or  55^.  Treatnent  with  silver 
sulfate -acetic  acid  yielded  products  which  were  identical  with 
haem  c  on  paper  chromatography,  the  product  of  fission  from 
cytochrome  55^  had  a  different  absorption  maximxim  in  acid 
(haem  55^  =  3^0  nui;   haem  552  and  c  =  403-^  n^i). 

The  spectrum  of  cytochrome, 556  (fig.  2)  is  somewhat  like  that 
of  higher  plant  cytochrome  f  ^ '^  and  other  algal  haemoproteins. 
The  pyridine  haemochromogens  of  cytochrome  55^  and  haem  556  were 
different  from  products  obtained  from  classical  c-  and  b-type 
corapoiinds . 

Preparations  of  cytochrome  552  which  were  homogeneous  in  the 
ultracentrifuge  vrere  obtained.  This  i^as  not  possible  with 
cytochrome  556,  however,  it  was  prepared  in  a  highly  pvirified 
state . 

Cytochromes  b-561  and  a-605 

Acetone  powders  of  light -grown  cells  which  had  been  extracted 
for  soluble  cytochrome  were  examined  in  a  Gary  model  ik   apparatus 
provided  with  the  1^^-62  scattered  transmission  attachment.  This 
made  it  possible  to  obtain  difference  spectra  of  suspensions 
with  maxima  which  appeared  to  be  due  to  a  b-type  cytochrome  or 
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peroxidase  axid  an  a-type  cytochrome  (fig.  3).  See  also  Table  1, 
This  observation  \'ra,s  con- 
firmed by  the  preparation 
of  pyridine  haemochromogens 
and  determination  of  proto- 
haem  a  by  paper  chromatog- 
raphy. Peroxidase  assays 
were  negative,  save  for  a 
small  amount  of  activity 
due  to  denatvired  cytochrome 
552.  The  b-type  cytochrome, 
which  was  called  cytochrome 
b-561,  is  probably  identical 
to  the  bg  observed  by 
Smillie  {3).     This  protein 
could  not  be  solubilized 
and  was  found  to  be  present 
in  1:1  ratio  to  cytochrome 
c-552. 


520 


560  600 

Wavelength  (mu) 


Fig.  3.  Reduced-oxidized  differ- 
ence spectra  of  cytochromes 
b-561  and  a-605. 


The  autooxidizable 
compound  (the  maximum  at 
600  m|j  in  fig.  3  is  due 
to  autooxidation)  identified 
as  an  a-type  cytochrome  was 

called  cytochrome  a-605  etnd  was  found  in  all  mutant  strains  and 
wild  type  forms  of  Euglena  gracilis  in  1:1  ratio  to  cytochrome 
556.  It  was  sensitive  to  cyanide  and  to  low  oxygen  tension. 

LOCALIZATION  AM)  FUNCTION  OF  CYTOCHROMES  IN  EUGLENA 


Cytochrome  c-552  has  been  localized  in  the  chloroplasts, 
whereas  cytochrome  556  occurs  in  small  particles,  which  we 
believe  to  be  mitochondria.  In  both  cases  the  procedure  used 
was  similar  to  that  used  by  Smillie  ^5j  for  the  preparation  of 
chloroplasts  from  dried  cells  by  suspending  them  in  a  mixture  of 
carbon  tetrachloride  and  cyclohexane.  The  cells  were  broken  in 
a  French  press  and  then  fractionated,  using  solvent  mixtvires  of 
different  specific  gravity. 

Mutants  which  have  no  chloroplasts  have  no  cytochrome  c-552, 
while  smaller  amounts  of  the  protein  were  fo\ind  in  a  mutant  with 
damaged  chloroplasts. 

The  parallel  syntheses  of  cytochromes  c-552  and  chlorophyll 
were  follov;ed,  and  no  cytochrome  appears  to  be  present  in  the 


297 


Fulvio  Perini 


first  3-^  hours  after  illumination  of  the  cell.  After  8-12  hours 
the  well-known  ratio. of  3-^00  molecules  of  chlorophyll/l  molecule 
of  cytochrome  c-552  ^  '  is  established,  and  photo synthetic 
processes  proceed  quite  well.   (See  fig,  h   stnd  5«) 
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Fig.  h.   Kinetics  of  chlorophyll 
and  cytochrome  c-552  formation 
after  Illumination  of  dark- 
grown  wild  type  Euglena  gracilis 
cells. 


Fig.  5«  Relationship  between 
cytochromes  c-552,  556  and 
chlorophyll  after  illumination 
of  dark-grown  wild-type  cells. 


Cytochrome  55^  is  present  in  all  mutant  strains  of  Euglena  in 
the  same  amoimt  as  the  normal  wild  type  on  a  cell  basis  (there 
are  slight  differences  on  a  weight  basis).  No  change  in  cyto- 
chrome 556  content  was  observed  after  illumination  of  etiolated 
cells.  A  summary  is  given  in  Table  2. 

Cytochrome  a-605  was  detected  in  the  mitochondria. 


No  direct  proof  was  obtained  of  the  presence  of  cytochrome 
b-561  in  the  chloroplasts,  probably  owing  to  the  instability  of 
its  prosthetic  group.  This  cytochrome  was  found  only  in  photo- 
synthetic  forms  of  Euglena .  More  than  one  flavoprotein  has  been 
found  in  Euglena.  These  have  been  assigned  to  the  succinoxidase. 
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pyridine  nucleotide  (PN)-oxidase,  and  to  the  photosynthetic 
system.  The  latter  may  be  the  transhydrogenase  described  by 
Lazzarini  et  al«  '^^ 

FPNR 

This  protein  is  obtained  in  oxidized  form  and  has  an  absorp- 
tion spectrum  with  broad  maxima  at  k6^-k^0   and  14-00-420  mji. 

A  ratio  of  40  chlorophyll  molecules  to  1  atom  of  non  haem  iron 
was  determined  from  a  chloroplast  preparation  ^•^^/.  PPNR  was 
found  only  in  photosynthetic  forms  of  Euglena. 

ENZYMATIC  ACTIVITIES 

The  following  enzymatic  activities  have  been  found  in  Euglena; 
l)  succinnic  dehydrogenase;  2)  NADPH  (reduced  nicotinamide 
adenine  dinucleotide  phosphate)-  and  NADH  (reduced  nicotinamide 
adenine  dinucleotide )-haemiprotein  reductase  (non-specific, 
probably  catalyzed  by  a  transhydrogenase,  NADPH  is  much  better 
coenzyme);  3)  TPN-reductase  (via  ferrodoxin,  i.e.  PPNR,  and 
flavoprotein,  may  be  the  same  as  2));  h)   succinoxidase  or  PN-ox- 
idase  in  presence  of  95^  CO  or  C02/51^  O2.  Reduced  cytochromes 
c-552  and  556  very  poorly  replace  cytochrome  c  in  a  cytochrome 
oxidase  system.  In  the  presence  of  cyanide  (10   M)  and  low 
oxygen  tension,  cytochrome  556  is  oxidized  more  rapidly  than 
cytochrome  a-605.  On  readmission  of  oxygen,  cytochrome  55^  is 
first  reduced  by  the  remaining  substrate,  and  then  oxidized, 
whereas  cytochrome  a-605  exhibits  a  net  oxidation  which  is  more 
rapid  than  under  semi -anaerobic  conditions.  When  oxygen  becomes 
available,  cytochrome  556  is  either  not  used,  or  participates  in 
processes  before  cytochrome  a-605,  in  the  respiratory  system. 
This  investigation  was  made  with  fresh  washed  cells  suspended  in 
biiffer,  using  the  scattered  transmission  attachment  of  the  Cary. 

The  pathways,  as  shown  on  the  next  page,  explain  the  resistance 
of  Euglena  to  some  poisons  and  its  resistance  to  anaerobic  condi- 
tions  (11).  In  some  cases  the  pathway  going  through  a  cytochrome 
556-type  may  predominate,  and  a-type  cytochromes  may  be  present 
in  very  small  amounts,  if  at  all.  These  mechanisms  may  explain 
the  unusual  resistance  to  some  metabolic  poisons  by  many  mlcro- 
algae  and  protista,  and  the  difficulty  in  finding  any  evidence 
for  a  classical  cytochrome  oxidase. 
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-3 

10  M  CN 

fp  Lov;  O2  tension 

NADH  ^ 

acetate  — ►  and/ or — y and/ or >[--->cyto  55^ — v oxygen 

NADPH      fp 


succinate  >.fps > >cyto  a-605 

oxygen 


-5 
10       M  CN 


Steps  indicated  by  broken  lines  are  hypothetical  and  have 

not  been  investigated. 


No  siiggestion  can  be  advanced  from  this  research  about  how  or 
where  cytochromes  c-552,  b-561  and  PPNR  function  in  the  photo- 
synthetic  apparatus. 

Acknowledgment  s 

This  investigation  has  been  supported  in  part  by  the  National 
Institutes  of  Health  grants  and  by  the  C.  K.  Kettering  Foundation. 

The  author  is  gratefiil  to  Professor  M.  D,  Kamen  and 
Dr.  J.  Schiff  for  their  valuable  help  and  interest  in  this  work, 

BIBLIOGRAPHY 

1.  Stern,  A.  I.  Ph.D.  thesis,  Brandeis  Univ.  (1962). 

2.  Nishiraura,  M.  J.  Biochem.  46,  219  (1959). 

3.  Katoh,  S.  J.  Biochem.  kS,   ^9  (1959). 

4.  Wolken,  J.  J.  and  Gross,  J.  A.  J.  Protol.  10,  I89  (I963). 

5.  Smillie,  R.  M.   Can.  J.  Bot.  4l,  123  (I963). 

6.  Paul,  K.  G.  Acta  Chem.  Scand.  4,  239  (1950). 

7.  Davenport,  H.  E.  and  Hill,  R.  Proc.  Roy.  Soc.  B139,  32? 

(1952). 

8.  Kok,  B.  Biochem.  Biophys.  Acta  48,  52?  (19d1). 

9.  Lazzarini,  R.  A.  and  San  Pietro,  A.  in  Microalgae  and 

Photo  synthetic  Bacteria  (special  issue  of  Plant  and  Cell- 
Physiology),  p.  453,  1963. 

10.  Tagawa,  K.  and  Arnon,  D.  I.  Nat.  (London)  195,  537  (1962). 

11.  Lindema.n,  R.  C.  Ecology  £3,  1  (1942). 


IV.     ENHANCEMENT  STUDIES:     GAS  EXCHANGES 


ENHANCEMENT 
Jack  Myers 


The  photosynthetic  phenomenon  which  has  come  to  be  known  as 
enhancement  arose,  not  from  any  theoretical  insight,  but  simply 
from  the  attempt  to  understand  an  experimental  anomaly.   On  the 
long  wavelength  side  of  the  in  vivo  absorption  spectrum,  the  quan- 
tum yield  drops  rapidly  even  at  wavelengths  (i.e.,  690  im)   where 
chlorophyll  a  absorption  is  still  high."^'-""^  Study  of  the  anomaly 
led  Emerson  and  co-workers  to  the  discovery  of  enhancement.^  When 
imposed  upon  a  constant  background  of  shorter  wavelength  illumina- 
tion, long  wavelength  light  (690  mj-i)  gave  a  higher  rate  of  photo- 
synthesis and  a  quantum  yield  approaching  maximum.   Further,  it 
turned  out  that  a  significant  intensity  and  maintained  rate  of 
photosynthesis  was  needed  in  the  short  wave  background.   The  phe- 
nomenon is  not  one  of  "catalytic"  or  triggering  action,  not  a  sec- 
ondary light  effect,  but  an  intrinsic  character  of  photosynthesis. 
Hence  a  more  useful  description  of  enhancement  becomes  the  follow- 
ing: a  light  beam  of  wavelength  >^i  and  another  beam  of  properly 
chosen  wavelength  '^z,   when  presented  together,  elicit  a  rate  of 
photosynthesis  greater  than  the  sum  of  the  rates  when  presented 
separately. 

THE  HYPOTHESIS 

Enhancement  observed  between  alternated  light  beams  and  other 
more  direct  lines  of  evidence,  which  are  discussed  in  other  papers 
of  this  symposium,  support  the  most  obvious  hypothesis  for  en- 
hancement :   that  two  photoreactions  (l  and  II )  are  necessary  for 
green  plant  photosynthesis.   The  spectral  character  of  actinic 
light  by  which  the  two  photoreactions  are  partially  distinguish- 
able implies  participation  of  two  pigment  systems  (l  and  2,  fol- 
lowing the  convention  of  Duysens  and  Amesz^).   So  far  we  have  not 
discovered  in  any  plant  a  wavelength  at  which  quanta  can  be  in- 
jected exclusively  into  either  pigment  system  and  thence  to  the 
corresponding  photoreaction.   However,  we  can  identify  wavelength 
regions  in  which  quanta  are  absorbed  in  excess  by  either  one  of 
the  two  pigment  systems. 
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One  of  tj-e  first  concerns  in  the  study  of  enhancement  was  the 
character  of  pigment  systems  1  and  2  or,  experimentally,  spectra 
of  the  enhancement  phenomenon.   A  comparative  approach  was  possi 
ble  because  of  availability  of  algal  groups  with  diverse  pigment 
complements.  While  the  exploration  has  not  been  completed,  it  is 
possible  to  anticipate  two  general  results.   (l)  In  any  one  alga 
there  are  two  spectral  regions  >v.i  and  '^2-     A  combination  of  wave- 
lengths chosen  between  the  two  will  show  enhancement.  A  combina- 
tion of  wavelengths  within  either  region  will  not  show  enhance- 
ment. """^^^^   (The  latter  statement  is  recognized  as  in  conflict 
with  certain  data.^'"'"^)  (s)  E>v"en  without  precise  data  on  in  vivo 
absorption,  qualitative  conclusions  can  be  drawn  from  the  spectra 
of  A-i  and  >^2  about  the  character  of  pigment  systems  1  and  2.   Sys- 
tem 2  is  associated  with  high  absorption  of  accessory  pigments 
phycoerythrin,  phycocyanin,  fucoxanthin,  chlorophyll  b,  and  the 
special  in  vivo  chlorophyll  a-673.^^®'^' "'""''  System  1  is  associated 
with  the  bulk  of  chlorophyll  a.   There  is  uncertainty  about  the 
role  of  carotenoidSk.   The  salient  features  of  these  conclusions 
were  foreseen  by  Emerson  in  his  speculations  on  the  role  of  acces- 
sory pigments.^ 

EXPERIMENTAL  DIFFICULTIES 

Study  of  enhancement  has  been  complicated  by  experimental  dif- 
ficulties.  Use  of  narrow  bands  of  monochromatic  light  places  in- 
creased demands  on  sensitivity  and  precision  of  measuring  photo- 
synthesis.  Even  as  used  by  Emerson  and  co-workers  the  Warburg 
method  is  marginal  in  sensitivity.   The  bare  platinum  electrode 
developed  by  Blinks  and  Haxo''"^  provides  adequate  sensitivity  and 
rapidity  but  measures  only  relative  changes  in  net  rate  of  oxygen 
evolution  and  has  its  own  special  limitations.''"®'^^  The  mass 
spectrometer  can  provide  unequivocal  measurement  but  requires  con- 
siderable calculations  to  find  readout  results.  ® 

Further  experimental  difficulties  arise  from  even  minor  non- 
linearities  in  light  intensity  curves  at  either  of  the  wavelengths 
used.   One  of  these  is  the  Kok  effect  which  will  be  discussed 
later.  A  second  kind  of  nonlinearity  can  be  introduced  by  ap- 
proach to  light  saturation.''" 

Coimnent  should  be  made  on  the  special  question  of  whether  the 
enhancement  phenomenon  is  in  any  way  related  to  differences  in 
light -saturated  rate  of  photosynthesis  at  different  wavelengths  as 
reported  by  McLeod^^  for  Chlorella.   Our  attempts  to  confirm  these 
results  so  far  have  been  uniformly  negative.^"^  We  have  found  spe- 
cial experimental  problems  but  no  simple  explanation  of  the  differ- 
ences between  our  results  and  McLeod's.   However,  we  do  not  now 
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feel  obliged  to  include  explanation  of  wavelength  dependence  of 
light- saturation  in  current  theory  of  enhancement. 

CH/LRACTEEISTICS  IN  ANACYSTIS  AND  CHLORELLA 

Quantitative  Expression 

Enhancement  may  be  expressed  in  several  different  ways.  With- 
out debating  the  merits  of  several  possible  ways  I  shall  simply 
state  my  own  rationale.  The  enhancement  effect  at  any  wavelength 
(\i  or  X2)  is  seen  most  clearly  when  observed  on  a  large  excess 
of  the  complementary  wavelength  region. 

Suppose  that  we  observe  a  rate  of  oxygen  evolution  pi  at  in- 
tensity Ii  of  wavelength  }^x   and  a  rate  p2  at  intensity  I2  of  com- 
planentary  wavelength  >^2  (using  the  subscript  notation  previously 
defined).  When  Ii  and  I2  are  presented  together  we  observe  a 
rate  pi2  which  is  larger  than  pi  +  p2.  We  can  now  express  a 
ratio  or  gain  factor  E  referred  to  either  wavelength  alone: 


Pi 


5^^Pi£^_Pi  (2) 

P2 

Equations  (l)  and  (2)  are  peimltted  by  the  important  finding  both 
in  Chlorella  >^^  and  in  Anacystis"""^  that  Ei  and  E2  are  functions 
of  the  ratios  between,  but  not  the  absolute  values  of,  Ii  and  I2 
or  pi  and  p2. 

Quantitative  Relations 

Fig.  1  shows  El  vs.  P2/P1  (a)  and  E2  vs.  pi/p2  (b)  from  ex- 
perimental data  on  Chlorella^^*^®  and  Anacystis.''"'^  There  are 
several  aspects  of  Importance.   Each  curve  shows  an  initial 
linear  segment  and  a  final  plateau  at  which  Ei  or  E2  reaches  a 
maximum  value.   Curvature  between  the  two  regions  may  be  attrib- 
uted to  several  causes,  one  of  which  is  clearly  evident.   Because 
of  great  differences  in  absorption  between  650  and  710  my.  in 
Chlorella  or  between  620  and  700  mn  in  Anacystis,  it  is  impossi- 
ble to  maintain  a  constant  ratio  of  Ii  and  I2  (or  pi  and  P2) 
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Fig.  1.   Enhancement,  Ei  at  Xj_  (a)  and  Eg  at  X2  (b),  vs.  intensity 
of  complementary  wavelength  expressed,  as  Pa/pi  or  Pi/pg- 
Data  for  Chlorella  were  obtained  from  thin  films  of  low 
absorption;  data  for  Anacystis  were  taken  from  experiments 
with  thick  films  of  high  absorption. 
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across  an  algal  film  of  any  appreciable  absorption.   The  I1/I2 
ratio  necessarily  varies  considerably  within  the  film.   The  curves 
show  the  requirement  for  most  instructive  study  of  spectra.   En- 
hancement in  the  >.i  region  (Ei)  is  seen  most  clearly  in  an  excess 
of  A.2,  practically  a  very  high  P2/P1  ratio.   Enhancement  in  the  ?^2 
region  (E2)  is  seen  most  clearly  in  an  excess  of  ^i,  practically 
requiring  only  a  rather  modest  pi/p2  ratio. 

Enhancement  Spectra 

Fig.  2  and  3  present  enhancement  spectra  obtained  under  condi- 
tions meeting  the  requirements  noted  above.   In  Chlorella  (Fig.  2) 
the  Xi  and  Xg  regions  intersect  at  about  685  m^i.   The  Xg  region^ _^ 
has  been  associated  with  chlorophyll  b  and  chlorophyll  a-673.  ' 
The  question  of  role  of  carotenoids  does  not  seem  answerable. 
Fig.  3,  taken  from  the  recent  work  of  Jones"^"^  on  Anacystis,  shows 
spectra  for  two  kinds  of  cells  of  widely  differing  pigmentation. 
Cells  grown  under  usual  tungsten  illumination  (w)  and  with  a  "nor- 
mal" phycocyanin/chlorophyll  ratio  show  a  >.2  region  of  about  530 
to  655  mja.   There  are  two  segments  to  the  Xi  region,  <  530  and 
>655  mil.   If  cells  are  grown  under  red  light  >  660  mjJ.  (practically 
under  BCJ  dark  room  lamps  with  necessary  addition  of  a  small 
amount  of  clear  tungsten  illiimination),  they  show  a  much  reduced 
chlorophyll.   Such  cells  (curve  R,  Fig.  3)  show  decreased  Ei  and 
increased  E2  enhancements  together  with  broadening  of  the  ^-2  re- 
gion.  From  the  Ei  enhancement  at  460  to  510  mji  a  case  can  be  made 
for  carotenoid  participation  in  system  1.   However,  the  case  can- 
not be  made  from  casual  Inspection  of  the  curves.   These  are  not 
action  spectra  and  enhancement  cannot  be  related  to  absoi^jtion  by 
any  one  pigment  alone;  it  can  be  related  only  to  absorption  ratios 
between  different  active  pigments. 

Though  there  are  important  differences  from  the  spectrum  reported 
by  Blinks^  for  Anabaena,  the  curves  for  Anacystis  confirm  his 
finding  that  the  'h.x   region  may  have  two  segments,  one  in  the  blue 
and  the  other  in  the  far  red.^  Hence  it  is  clear  that  the  Xi 
region  is  related  to  pigment  absorption  and  not  to  some  peculiar 
character  of  long  wavelength. 

DISTRIBUTION  OF  LIGHT  QUANTA 

I  turn  now  to  the  problem  of  distribution  of  light  quanta  be- 
tween the  two  phot oreact ions  or,  in  the  casual  language  of  Kok, 
how  the  carburetor  of  photosynthesis  works.   Enhancement  in 
intact- cell  photosynthesis  is  regarded  as  a  tool  for  study  of 
quanta  distribution  as  viewed  by  the  over-all  rate.   Suppose  that 
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two  light  beams  of  wavelength  X±   and  complementary  wavelength  >.2 
show  enhancement.   Then  in  at  least  one  of  the  'beams  alone  the 
q.uantum  yield  must  be  less  than  maximum  simply  because  quanta  are 
distributed  in  excess  to  one  of  the  two  photoreactions .  Addition 
of  the  second  beam  permits  the  use  of  quanta  previously  wasted  and 
gives  a  more  than  additive  increase  in  oxygen  evolution.  We  in- 
terpret enhancement  by  this  simple  extension  of  the  two-photoreac- 
tion  hypothesis. 

A  framework  for  discussion  of  the  distribution  problem  is  pre- 
sented in  Fig.  4.   In  order  to  supply  the  intermediates  for  ther- 
mal reactions,  it  is  supposed  that  photoreactions  I  and  II  are 
required  in  a  stoichiometric  ratio,  n.   One  can  visualize,  for  ex- 
ample, that  cyclic  phosphorylation  may  place  extra  demand  on  I  and 
a  value  of  n  >  1.   Hence  we  cannot  now  specify  a  value  and  must 
leave  n  as  an  unknown  in  subsequent  analysis. 

One  point  of  distribution  of  quanta  is  detenained  by  absorp- 
tions of  the  two  pigment  systems.  We  define  by  a   the  fraction  of 
total  absorbed  quanta  which  are  absorbed  by  pigment  system  2.  A 
second  possible  point  of  quanta  distribution  occurs  within  the 
pigment  systems  in  transfer  of  quanta  to  the  terminal  photorecep- 
tors (such  as  P700  for  photoreaction  l).  In  this  transfer  we  can 
imagine  two  possible  arrangements.   In  the  first  and  simplest  we 
imagine  that  the  two  pigment  systems  are  arranged,  perhaps  spa- 
tially, so  that  there  is  an  invariant  transfer  within  each  system 
to  its  specific  photoreceptor.   Such  an  arrangement,  suggested  by 
Duysens  and  Amesz,^  we  have  called  the  separate  package  model.  We 
have  also  imagined  a  second  possible  arrangement  called  the  spill- 
over model.   In  this  we  envision  that  quanta  absorbed  by  system  2 
(largely  composed  of  accessory  pigments)  are  transferred  preferen- 
tially to  the  photoreceptor  for  II,  but  also  may  be  transferred  to 
the  photoreceptor  for  I  if  II  is  "full."  Reasons  for  considering 
the  spillover  model  have  been  discussed  previously.^®  It  is  not 
a  novel  concept,  having  been  considered,  at  least  in  principle, 
by  W.  A.  Arnold,  by  Hans  Gaffron  (personal  communications),  and 
probably  also  by  others. 

In  short,  there  are  now  two  alternate  models  for  quanta  dis- 
tribution.  The  separate  package  model  supposes  that  the  distri- 
bution at  any  wavelength  is  governed  only  by  absorption  into  the 
two  pigment  systems.  The  spillover  model  requires  a  two-stage 
distribution  system,  the  first  by  pigment  absorption  ratios  and 
the  second  in  energy  transfer  between  pigments.  Actually  the  two 
models  merely  describe  limit  possibilities.   For  example,  if 
energy  transfer  can  occur  between  system  2  and  photoreaction  I 
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but  with  lowered  efficiency,  then  a  description  would  fall  some- 
where between  the  two  models.   The  two  models  have  quite  differ- 
ent consequences  in  restrictions  which  they  require  in  terms  of 
composition  of  the  two  pigment  systems,  quantum  yield,  and  the  na- 
ture of  enhancement. 

From  the  simple  hypothesis  on  the  nature  of  enhancement  there 
can  be  derived  the  relations  shown  in  Table  1  for  each  of  the 
models.   In  relating  values  of  E,  a,  and  n  to  quantum  yield  we  use 
0(3^  to  denote  the  relative  quantum  yield  (0/0inax^  ^^  affected  by 
quanta  distribution.   Values  for  0^3^  and  E,  derived  independently 
in  terms  of  a   and  n  for  each  of  the  models,  permit  evaluation  of 
0(i  in  terms  of  Ei  or  Eg  and  n.   The  analysis  presented  is  only  an 
extension  of  that  of  Bannister  and  Vrooman-"-  but  with  some  change 
in  conventions. 

In  search  for  choice  between  the  two  models  we  have  attempted 
various  analyses  of  enhancement  data  for  comparison  with  pigment 
absorption  or  quantiim  yield  data.   Partly  because  of  uncertainty 
in  the  value  of  n,  we  have  not  found  any  test  which  leads  to  an 
unequivocal  answer.   I  shall  cite  one  such  test  with  respect  to 
quantum  yield  in  Chlorella.   Plotted  in  Fig.  5  are  values  of  rela- 
tive quantum  yield  vs.  wavelength.   Curve  EL  presents  the  data  of 
Emerson  and  Lewis. ^  The  other  curves  are  for  0.  calculated  as  in 
the  last  column  of  Table  1  from  the  Ei  and  Eg  enhancement  values 
of  Fig.  2.   Curve  S  describes  predictions  from  the  spillover 
model.   Curves  P  describe  predictions  from  the  separate  package 
model  for  values  of  n  =  1  (Pi)  and  n  =  2  (Pg).   The  spillover 
model  predicts  constant  and  maximum  quantum  yield  across. the  >^2 
region  to  685  mjJ..   The  separate  package  model  predicts  a  maximum 
quantum  yield  at  only  one  wavelength,  the  crossover  point  685  m^i 
where  Ei  and  E2  approach  iinity.  We  ignore  the  region  below 
560  m|J.  because  of  uncertainties  due  to  carotenoid  absorption.  The 
experimental  curve  beyond  570  mM.  is  flat  except  for  a  4fo  dip  at 
650-660  mu.   The  separate  package  model  requires  a  much  greater 
dip  for  any  reasonable  value  of  n.   There  is  no  uncertainty  that 
the  separate  package  model  requires  a  less  than  maximum  quantum 
yield  whenever  E  >  1.   There  is  uncertainty  whether  the  data  of 
Emerson  and  Lewis  have  sufficient  precision  to  discriminate  be- 
tween the  two  models. 

THE  KOK  EFFECT 

Since  enhancement  in  monochromatic  beams  has  been  studied  only 
at  relatively  low  light  intensities  there  has  been  a  recognized 
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possibility  that  the  effect  might  be  associated  vith  a  respira- 
tory anomaly,  with  changes  in  respiratory  oxygen  uptake  rather 
than  with  changes  in  oxygen  production.  In  at  least  one  alga, 
Anacystis,  the  question  has  been  answered  unequivocally  by  the 
mass  spectrometer  experiments  of  Hoch,  Owens  and  Kok.    We  inter- 
pret their  results  as  follows:   (l)  there  are  effects  of  low  light 
intensity  on  respiration,  most  pronounced  in  the  Xi  region; 
(2)  these  are  of  such  a  nature  that  they  may  obscure  or  decrease 
enhancement  effects  as  observed  in  temis  of  net  oxygen  productlcn; 
and  (3)  the  enhancement  effect  is  not  caused  by  changes  in  re- 
spiratory oxygen  uptake. 

The  important  experiments  of  Hoch  et_al."^®  provided  an  explana- 
tion of  the  Kok  effect^^  -vrfaich  we  also  observed  in  Anacystis.  Our 
studies  with  the  Blinks- Haxo  electrode  were  less  definitive  in 
that  they  measured  only  changes  in  net  oxygen  production.   How- 
ever, their  greater  precision  and  rapidity  led  to  results  which 
further  broaden  the  interpretation.  ^ 

Fig.  6  demonstrates  the  Kok  effect  in  Anacystis  as  a  sharp 
break  in  slope  of  the  light  intensity  curve  at  very  low  intensity. 
The  effect  is  observable  by  our  measurements  only  at  wavelengths 
of  the  \i  region.   Further,  curves  A,  B,  and  C  for  the  different 
wavelengths  extrapolate  to  a  common  intercept.   Following  the  re- 
sults of  Hoch  etal.,  we  attribute  the  high  initial  slopes 
(curves  A,  B,  C)  to  the  combined  effects  of  decreasing  rate  of 
oxygen  uptake  and  an  increasing  rate  of  oxygen  production.  The 
lower  final  slopes  represent  only  increasing  rate  of  oxygen  pro- 
duction superimposed  upon  a  lowered,  but  now  constant,  rate  of 
oxygen  uptake. 

Fig.  7  shows  the  change  in  rate  of  net  oxygen  evolution  in  re- 
sponse to  intensity  at  700  mu  when  added  to  a  constant  background 
intensity  of  chosen  wavelength.   The  reference  curve  A  (dark 
background)  is  taken  from  the  previous  set  of  measurements  with- 
out correction  for  a  measured  lO^o  decay  in  response  between  the 
two  sets.   Curve  E,  with  constant  700  mt-i  background,  shows  only 
one  linear  segment  extrapolating  to  zero  but  otherwise  correspond- 
ing to  the  second  slope  of  curve  A.   The  respiratory  decrease  has 
been  saturated  and  its  effect  wiped  out  by  the  700  mM  background. 
Conversely,  curves  F  and  G  on  620  mn-  background  have  an  initial 
slope  essentially  the  same  as  the  slope  of  curve  A  and  prolonged 
to  an  extent  dependent  on  background  intensity.   Curves  F  and  G 
demonstrate  enhancement  between  the  constant  620  my.  background 
and  the  varying  700  my.  As  expected,  both  curves  approach  the 
same  final  slope,  common  also  to  cu2rves  A  and  E,  as  the  620  my- 
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Fig.  6.   Net  rate  of  apparent  oxygen  production  R,  vs.  light  in- 
tensity for  Anacystis"""®  obtained  with  a  thick  algal  film. 
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Fig.  7.  As  Fig.  6  but  R  vs.  intensity  of  700  mu  when  superimposed 
on  backgrounds  of  constant  intensity  at  the  wavelengths 
indicated  on  each  curve. 
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background  "becomes  limiting. 

The  most  important  finding  is  that  the  initial  slope  of  curve  A 
is  identical  to  the  initial  slope  of  the  enhanced  curves  F  and  G 
and  that  the  ratio  between  the  first  and  second  slopes  of  curve  A 
is  identical  to  the  maximum  value  for  enhancement  (Ej).   Similar 
results  were  obtained  at  wavelengths  680  and  690  my..   In  short  the 
initial  slope  is  not  enhanceable.  At  very  low  intensities  the 
quantum  yield,  reckoned  as  increase  in  net  oxygen  evolution  per 
absorbed  quantum,  is  maximum. 

We  interpret  the  result  in  terms  of  the  Hill  and  Bendall  ^ 
model :  that  the  two  photoreactions  are  separated  by  an  electron 
transport  system.   The  simplest  explanation  is  that  F700  is,  in 
effect,  a  competitor  of  oxygen.  We  have  proposed''"®  that  the  com- 
petition is  direct  in  the  sense  envisioned  by  Lundegardh^"*":  that 
in  Anacystis  the  same  system  serves  both  the  transport  of  "photo- 
synthetic"  electrons  from  photoreaction  II  to  F700  and  also  part 
of  the  transport  of  "respiratory"  electrons  to  oxygen.  We  recog- 
nize, however,  that  competition  could  be  much  less  direct.   Hoch 
et  al.  ^  have  suggested  a  decreased  "respiratory"  electron  flow  in 
response  to  a  lowered  ADP  concentration  caused,  in  turn,  by  extra 
cycling  of  photoreaction  I. 

The  Kok  effect  occurs  even  more  dramatically  in  Anabaena  varia- 
bilis"^^ but  appears  in  Chlorella  pyrenoidosa  only  as  a  minor  non- 
linearity.^®  Where  it  does  appear  there  are  a  number  of  important 
consequences.   (l)  If  the  effect  occurs  in  Chroococcus  as  it  does 
In  Anacystis  and  Anabaena,  then  (as  previously  noted"""®)  the  high 
quantum  yield  values  obtained  by  Eiaerson  and  Lewis®  on  Chroococcus 
at  660  to  700  mii  probably  are  in  error.   (2)  The  effect  can  com- 
pletely obscure  the  enhancement  phenomenon  or  even  give  rise  to 
the  "negative"  enhancement  noted  in  early  work.®'"^-^  The  difficul- 
ty can  be  eliminated  by  referring  enhancement  to  an  increment 
rather  than  to  a  single  value  on  the  light  intensity  curve.  (3)  Un- 
less the  light  intensity  curve  is  carefully  determined,  the  effect 
may  easily  be  mistaken  for  a  very  early  light  saturation  in  the  A-i 
region. "'""'"   (4)  If  there  are  pathways  of  electron  transport  common 
to  both  respiration  and  photosynthesis,  then  it  would  seem  that  in 
vivo  absorption  changes  would  yield  more  instructive  information 
if  studied  as  changes  in  response  to  an  increment  of  light  rather 
than  (or  in  addition  to)  light-dark  changes. 
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CONCLUDING  REMAINS 

This  discussion  has  not  attempted  to  consider  and  explain  all 
observations  on  enhancement  and  related  phenomena.  It  has  omitted 
consideration  of  a  q.uite  different  model  which  can  account  for 
enhancement  and  respiratory  effects  of  light  in  Po2-phyridium. 
The  discussion  has  been  based  upon  an  intensive  study  of  two  al- 
gae, Anacystis  and  Chlorella.  With  both  algae  we  experienced 
early  difficulties  under  which  we  failed  to  see  enhancement  at  all 
or  obtained  inconsistent  results.   Once  these  difficulties  were 
recognized  and  solved  we  never  thereafter  failed  to  see  a  consist- 
ent behavior  of  enhancement.  We  plan  to  extend  the  same  rationale 
to  algae  of  other  phyla. 

Finally,  comment  should  be  made  on  possible  limitations  which 
accompany  the  very  great  advantage  of  a  comparative  approach. 
Availability  of  algal  phyla  with  different  pigment  complonents  has 
made  it  possible  to  reach  the  generalization  that  there  are  two 
photoreactions  in  some  way  associated  with  two  pigment  systems. 
For  example,  if  we  had  only  data  on  Chlorella  we  would  still  be 
concerned  whether  enhancement  was  in  some  way  peculiar  to  long 
wavelength.   However,  the  algal  phyla  also  differ  in  cell  organi- 
zation.  It  seems  doubtful  a  priori  that  characteristics  of  photo- 
synthesis will  differ  between  the  phyla  only  in  spectral  absorp- 
tion of  their  pigments.  Ability  of  the  green  plant  to  use  effi- 
ciently a  broad  portion  of  the  solar  spectrum  seems  even  more  re- 
markable in  the  face  of  the  problem  of  running  two  photoreactions 
at  some  fixed  ratio.   One  cannot  avoid  the  question  why,  of  the 
several  pigment  systems  developed  in  the  course  of  evolution,  the 
chlorophyll  a- chlorophyll  b  system  became  a  preferred  choice. 
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EMERSON  ENHANCEMENT  EFFECT  AND  TWO  LIGHT  REACTIONS 

IN  PHOTOSYNTHESIS 

Govindjee 
Dedicated  to  the  memory  of  late  Professor  Robert  Emerson 

1  2 
During  the  1940 's  Robert  Emerson  discovered  '   that  the 

quantum  efficiency  of  photosynthesis,  plotted  as  a  function 
of  wavelength,  drops  appreciably  long  before  one  reaches  the 
long-wave  limit  of  absorption  by  chlorophyll  a.  This  decline 
is  referred  to  as  the  "red  drop."  Recently  it  has  become 
clear  that  in  green  cells,  this  "drop"  begins  when  the  form  of 
chlorophyll  a,  absorbing  at  the  longer  wavelength, . becomes  the 
prime  absorber.   Persistence  of  a  certain  photosynthetic 
activity  to  wavelengths  up  to  740  mji  could  be  interpreted  either 
in  terms  of  fractional  absorption  by  the  short-wave  form  of 
chlorophyll  a   (Chi  a  670)  extending  into  the  far  red,  or  by 
ascribing  to  the  "long-wave  form"  of  chlorophyll  a,  the  capacity 
of  bringing  about  complete  photosynthesis  but  with  a  very  low 
yield.   Excitation  of  the  "long-wave  form"  of  chlorophyll  a 
alone  in  green  cells  certainly  is  insufficient  to  bring  about 
all  photochemical  steps  involved  in  photosynthesis  with  a  high 
yield.   In  the  case  of  the  red  and  blue-green  algae,  the  drop 
occurs  at  shorter  wavelengths-^'   apparently,  when  chlorophyll 
a  takes  over  the  role  of  the  main  absorber  from  the  phycobilins. 
Yt  seems  that  all  (or  almost  all)  chlorophyll  a  in  red  and  blue- 
green  algae  has  the  same  photochemical  function  as  do  the  long- 
wave forms  of  chlorophyll  a  in  green  plants. 

In  the  photosynthesis  laboratory  at  Urbana,  a  long  series  of 
experiments'^"^  revealed  that  by  exciting  one  of  the  "short-wave 
pigments"  (chlorophyll  b  and  Chi  a  670  in  green  algae;  phycoerth- 
rins  and  phycocyanins  in  red  and  blue-green  algae;  fucoxanthol, 
chlorophyll  c  and  Chi  a  670  in  diatoms),  simultaneously  with 
the  long-wave  form  of  chlorophyll  a,  the  "red  drop"  could  be 
avoided.   Simultaneous  excitation  of  two  "pigment  systems" 
permits  the  plants  to  use  efficiently  the  energy  absorbed  in 
the  "long-wave"  form  of  chlorophyll  a.  This  synergistic  effect 
is  referred  to  as  the  "Emerson  enhancement  effect".   Studies 
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of  this  effect  have  given  the  first  evidence  for  the  now  widely 
postulated     hypothesis  of  two  photochemical  systems  participa- 
ting in  photosynthesis.   The  enhancement  effect  has  been  studied 

2a8  11  ""17  18-20 

by  manometry  '  '+"o^  polarography^-^  •^  ,  mass  spectrometry 

and  by  the  radiocarbon  tracer  technique.  ^■'-   Its  finding  both  in 
oxygen  evolution  and  in  CO2  uptake  shows  that  it  is  characteris- 
tic of  photosynthesis  as  a  whole.   Experiments  on  the  Hill 
reaction^^"^^  suggested  the  involvement  of  the  two  pigment 
systems  in  this  process  as  well.   Further  evidence  for  the 
existence  of  two  such  systems  has  come  from  difference  spectro- 
scopy   '      X   electron  spin  resonance  studies  29-31^  studies 
of  fluorescence     ,  and  luminescence  (afterglow)   ,  absorption 
spectroscopy^  '  ^" ,  as  well  as  studies  on  mutants^^,  from  flash- „ 
ing  light  experiments'^^ '^•"•j  and  from  biochemical  investigations. 

This  paper  summarizes  some  of  our  recent  work  on  the  "red  dro|}' 
and  the  enhancement  effect  in  whole  cells  and  in  chloroplast 
preparations. 

I.  INVESTIGATIONS  ON  THE  "RED  DROP"  IN  PHOTOSYNTHESIS 

A.  Algae  Pioneer  studies  of  Emerson  and  coworkers  showed  the 
occurrence  of  "red  drop"  in  several  algae  (Chlorella  '  ,  Anacy- 
stis^^,  Porphyridium^'^^  and  Navicula^*^'^^) .   At  20°C,  the  decline 
in  the  quantum  yield  of  photosynthesis  in  Chlorella  begins  at 
680  m|a,  and  the  yield  is  halfway  down  to  zero  at  696  mp..   This 
decline  is  affected  by  several  factors:   (a)  Presence  of  appro- 
priate background  light  ("enhancement  effect"  ).   In  this  case, 
the  decline  may  disappear  altogether,  (see  figure  1). 


I  CHLO/teiL*    to'c 


\   Willi  imt^f^mtmlQfj 
\ 


640   650    660   6T0    680    690    TOO 
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Figure  2.  Quantum  yield  of  oxygen  evolution  <n 
spinach  chloroplaits,  a*  a  function  of  wave  - 
length  (ferricyanide  *     catalytic  ataount  of 
2.6  DCPIP).  (Data  fron  Bakri  and  Govindjee). 


Fi-iure  I.  Qjanium  yifld  of  oxygen  evolution  aa 
s  function  of  waveleriKth  in  thick  suapensiona 
«f  Ciilorella  (corrected  and  uncorreced  for  «b- 
>.iTption>;  (data  from  Emerson). 
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(b)  Temperature.  Lowering  the  temperature  shifts  the  beginning 
of  the  decline  to  longer  wavelengths.    At  10°C,  the  quantum 
yield   starts  declining  only  at  690  m\x   and  is  halfway  down  at 
730  m[i.       (c)  Growing  the  algae  in  "earth  extract"  (an  undefined 
organic  medium).   This  too,  shifts' the  beginning  of  the  decline 
to  longer  wavelengths  and  causes  the  enhancement  phenomena  to 
disappear.   (d)  Growing  the  algae  in  glucose  medium^^  does  not 
shift  the  beginning  of  the  decline  appreciably,  although  there 
is  a  somewhat  higher  activity  at  longer  wavelengths,  as  compared 
to  that  of  cells  grown  completely  in  inorganic  medium.   The 
persistence  of  the  drop  suggests  that  no  significant  amount  of 
energy  can  be  supplied  to  photosynthesis  from  exogenous  respira- 
tion,  (e)  When  Chlorella  was  grown  in  heavy  water,  the  decline'^5 
in  the  yield  began  at  670  m\i   (instead  of  680  m|a) ;  no  enhancement 
was  observed  in  these  cells.   An  interpretation  of  this  effect 
must  await  studies  of  the  absorption  spectra  of  cells  grown  in 
D2O. 

B.  Chloroplasts  from  Higher  Plants. 

23      24 
Experiments  made  on  the  Hill  reaction,  using  quinone   ,  NADP 

or  ferricyanide  (in  the  presence  of  a  catalytic  quantity  of  the 

dye  2,  6  DCPIP^^^.   (figure  2),  revealed  a  long-wave  decline 

("red  drop")  similar  to  that  found  in  photosynthesis  of  whole 

cells.   An  enhancement  effect  also  has  been  observed,  at  least 

with  quinone^-^  and  NADP^^.   (see  section  V).   This  lends  support 

to  the  previously  suggested  concept  that  the  Hill  reaction  and 

photosynthesis  have  the  same  photochemical  mechanism. 

C.  Bacteria. 


Uptake  of  COo  +  H2  was  followed  in  Rhodospirillum  rub rum 
suspensions  at  certain  selected  wavelengths,  beyond  the  major 
peaks  of  bacteriochlorophyll ,  i.e.    in  a  region  where  one  would 
have  expected  a  decline  analogous  to  the  "red  drop"  in  photo- 
synthesis.  The  quantum  yield  found  at  940,  960  and  980  m\i 
were  all  in  the  range  of  0.10,  similar  to  those  found  at  the 
shorter  wavelengths  and  suggesting  absence  of  a  "red  drop". 
Blinks  and  van  Neil^^  noted  the  absence  of  an  enhancement  phen- 
omenon in  bacterial  photosynthesis. 

D.   Discussion. 

The  question  "Does  the  existence  of  a  "red  drop"  £er  se  prove 
the  presence  of  two  photochemical  systems?"  must  be  answered  in 
the  negative.   If,  for  a  certain  reaction,  say  -  the  Hill 
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reaction  with  a  certain  oxidant-  the  long  wave  form  of  chlorophyll 
a  (Chi  a   680/Chl  a  690)  were  simply  inactive,  one  would  still 
get  a  "red  drop".' 

Conversely,  the  absence  of  a  "red  drop"  cannot  be  taken  as 
proof  of  the  absence  of  two  light  reactions,  because  extensive 
overlapping  of  the  spectral  bands  of  the  two  systems  could  make 
separation  of  their  effects  difficult. 

However,  the  presence  of  both  "red  drop"  and  an  enhancement 
effect  clearly  suggests  the  existence  of  two  photochemical 
systems  acting  cooperatively  in  the  overall  process  of  photo- 
synthesis. 

II.  "LIGHT  CURVES"  OF  PHOTOSYNTHESIS  IN  MONOCHROMATIC  LIGHT 

Studies  of  the  enhancement  phenomena  are  reliable  only  if  the 
light  curves  (the  plot  of  the  rate  of  photosynthesis,  R,  as  a 
function  of  light  intensity,  I)  are  linear  in  the  intensity 
range  of  the  experiment,  so  that  by  combining  the  two  beams,  one 
does  not  get  into  the  saturating  (or  at  least  less  sloping)  ranges 
suggesting  "negative"  Emerson  effect.   Similarly  a  "positive" 
effect  can  be  wrongly  inferred  when  one  of  the  light  curves  is 
sigmoid  in  shape  (cf.  below).   This  necessitated  a  careful 
investigation  of  the  light  curves  under  different  conditions. 

A.   Light  Curve  with  "Knick" 

McCloud    (as  well  as  Govindjee   '   )  had  observed  that  the 
saturation  rates  of  photosynthesis  in  various  algae  were  depen- 
dent on  the  wavelength  of  light;  at  the  longer  wavelengths- 
beyond  680  m|j.  -  an  "early"  saturation  on  a  relatively  low  level 
was  reached.   These  observations  were  very  difficult  to  inter- 
pret, since  saturation  was  supposed  to  be  imposed  by  the  availa- 
bility of  a  limiting  enzyme,  which  should  be  the  same  whatever 
the  wavelength  of  light.   Because  of  the  narrow  range  of  light 
intensities  used  in  my  earlier  experiments,  which  had  led  to 
the  above  conclusions,  we  repeated  these  measurements  on 
Porphyridium  over  a  wide  range  of  intensities.   Two  wavelengths 
were  selected  --  one  absorbed  primarily  by  phycoerythrin  (546 
m\i)    and  the  other  by  the  "long  wavelength"  form  of  chlorophyll 
a  (700  m|i) ,   Advantage  was  taken  of  the  well-known  fact  that 
saturation  levels  are  lower  at  the  lower  temperatures.   Measure- 
ments were  made  at  3-5°C  (see  figure  3).   The  700  m|a  light  curve 
seems  to  approach  the  same  saturation  level  as  that  obtained  in 
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,48 


green  light,  in  contradiction  to  the  results  of  McCloud    (and 
my  own  earlier  conclusions°°»^") .   In  an  independent  study, 
Pickett  and  Myers-*-^^  found  the  same  saturation  rate  at  different 
wavelengths  in  Chlorella.   The  cause  of  the  discrepancy  between 
the  newer  and  the  earlier  results  is  that  the  700  m|j  light  curve 
has  a  peculiar  "break",  which  was  mistaken  for  "saturation", 
due  to  the  narrow  range  of  intensities  studied. 
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Figure  3.   Rate  of  photosynthesis  in  Porphyri - 
dium  as  a  function  of  light  intensitv  in  Lwo 
monochromatic  beams  545  raji  and  700  mn  measured 
at  5°  C. 


Figure  A.   Rates  of  oxygen  evolution,  in  Por- 
phyrldium  as  a  function  of  light  intensity. 


My  new  measurements  show  a  clear  "Knick"  in  the  light  curve 
at  700  m|j.  (figure  3).   Kok  had  observed  such  broken  light  curves 
(see  Rabinowitch^^  for  a  discussion  of  this  "Kok  effect").   Hoch 
and  coworkers^O  recently  reported  light  curves  of  the  same  type 


in  Anacystis , 


Jones  and  Myers  ■'■'^*^, 


observed  such  curves  in  Anacystis, 


in  an  independent  study,  also 


B.   S-Shaped  Light  Curves. 

Figure  4  (lowest  curve)  shows  a  light  curve  obtained  at 
700  mjj.  in  Porphyridium  cruentum  at  20°C  under  anaerobic  conditions, 
It  is  clearly  S-shaped.   The  middle  curve  shows  that  addition  of 
another  beam  of  the  same  wavelength,  makes  the  curve  linear. 
With  Bannister  &  Vrooman^^^  i  believe  that  under  nitrogen  the 
lower  segment  of  the  S-shaped  "light  curve"  is  due  to  immediate 
consumption  of  the  oxygen  evolved  in  photosynthesis;  the  oxygen 
production  in  photosynthesis,  is  therefore  not  registered  by  the 
polarograph.   At  higher  intensities,  oxygen  production  increasing- 
ly exceeds  oxygen  consumption  (thus  destroying  the  external 
anaerobic  condition).   (Reference  may  be  made  here  to  a  paper  by 
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Franck  et  al   which  suggests  several  other  possible  interpreta- 
tions of  S-shaped  light  curves  obtained  in  white  light  under 
anaerobic  conditions). 

S-shaped  light  curves  are  well-known  in  bacterial  photosyn- 
thesis-'*-'; recently  they  have  been  found  also  for  the  production 
of  ATP  by  chloroplasts.-''^  We  observed^^^  an  S-shaped  light 
curve  for  oxygen  production  by  spinach  chloroplasts,  (The 
reaction  mixture  contained  excess  of  ferricyanide  and  traces  of 
2,6  DCPIP). 

A  method  to  observe  enhancement  in  non-linear  light  curves 
is  through  the  experiment  shown  in  figure  4.   (1)  The  rate  of 
reaction  as  a  function  of  light  intensity  of  the  far-red  light 
(A)  is  first  measured  (lowest  curve,  figure  4)  (2)  The  same  is 
done  in  the  presence  of  another  beam  (B)  of  far-red  light,  of 
the  same  wavelength  (middle  curve,  figure  4)   (3)  The  same  is 
done  in  the  presence  of  supplementary  beam  (C);  the  intensity 
of  which  is  adjusted  to  give  the  same  rate  of  reaction  as  that 
produced  by  beam  (B) .   Enhancement  is  then  the  difference 
between  the  upper  curve  and  the  middle  curve  or 

E  =   ^,2  -  "^1  (1) 

(■^2,2'  -  V 

where  E  =  Emerson  enhancement,  R.  .  =  rate  in  both 
supplementary  and  far  red  beams,  R,  =  iate   in  supplementary 
beam  alone,  R2  =  rate  in  far  red  beam  alone,  and  R2  2'  ^^   ^^^ 
rate  in  combined  far-red  beams. 

C.   Light  Curves  with  Continuously  Decreasing  Slopes  (early 
saturation  effects) . 

53 
Light  curves  for  various  Hill  reactions,  in  general   show  a 

decreasing  slope  with  increasing  light  intensity,  (i^.£.  only  a 
very  short  linear  range  is  available) .   This  raises  the 
question  of  the  validity  of  the  results  °»-^  in  which  no 
Emerson  enhancement  was  reported  for  the  Hill  reaction.   The 
650  m|j.  light  curve  for  NADP  reduction  shows  the  above  mentioned 
early  bending  of  the  light  curve.  ^'^°*  ■'^  Due  to  early  "satura- 
tion" effects,  two  beams  of  650  mp.  light,  given  together,  give 
a  rate  smaller  than  the  sum  of  the  two  separate  rates. 54_   True 
enhancement  can  be  calculated  by  taking  this  fact  into  account 
by  means  of  the  equation: 
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E  =  "1.2  -  ^■'l,!'  -  V        (2) 
"2 

where  the  symbols  have  the  same  meaning  as  in  equation  (1), 
except  that  R]^',  is  the  rate  due  to  the  second  (supplementary 
beam)  alone,  the  intensity  of  the  latter  being  adjusted  so  as 
to  give  the  same  rate  as  that  of  R„. 

III.   ENHANCEMENT  EFFECT  AND  THE  TWO  PHOTOCHEMICAL  SYSTEMS 
A.     Action  Spectra. 

The  action  spectra  of  the  enhancement  effect,  measured  with 
a  background  of  far-red  light,  led  to  the  identification  of  pig- 
ments present  in  one  of  the  two  postulated  phoLosystems 
(system  II).   Of  course,  these  action  spectra  do  not;  follow  the 
true  absorption  curves,  but  rather  the"f ractional-absorption" 
curve  of  the  pigments  belonging  to  system  II.   Similarly,  the 
action  spectra  obtained  in  the  presence  of  background  light  of 
shorter  wavelength,  suggest  the  fractional  absorption  curve  of 
pigments  in  system  I.   From  our  previous  studiesS,  we  concluded 
that  system  II  in  diatoms  and  green  algae  includes  the  short- 
wave form  of  chlorophyll  a  (Chi  a  670).   (See  figure  5  for  the 
absorption  spectrum55  of  Chlorella,  showing  bands  corresponding 
to  the  two  forms  of  chlorophyll  a).  Light  energy  absorbed  by 
chlorophyll  b  is  assumed  to  be  transferred  to  Chi  a  670.   System 
I  is  mainly  composed  of  the  long-wave  forms  of  chlorophyll  a 
(Chi  a  680/Chl  a  690  and  "Chi  a  700").   In  figure  6,  the  solid 
curve  refers  to  the  action  spectrum  of  the  enhancement  effect  in 
the  presence  of  700  m|a  background  light,  suggesting  the  ident- 
ification of  chlorophyll  b  and  Chi  a  670  as  components  of  system 
II.   The  dashed  curve  refers  to  measurements  in  the  presence  of 
650  mil  background  light.   The  ratio  of  the  rate  due  to  far-red 
light  to  that  due  to  supplementary  light  is  kept  constant  (1:2). 
Unlike  Myers  and  Graham^^'^,  we  observed  enhancement  of  650  m|j. 
action  by  670  m|a  light.   It,  thus,  appears  that  Chi  a  670  occurs 
in  both  systems.   On  the  other  hand,  the  long-wave  chlorophyll  a 
forms  belong  exclusively  to  system  I;  while  chlorophyll  b  belongs 
exclusively  to  system  II. 

Soret  bands.   ForkHias  shown  that,  in  red  algae,  in  the  action 
spectrum  of  enhancement  with  a  background  of  green  light,  system 
I  exhibited  a  Soret  band.   This  was  confirmed  by  Blinks. 15   The 
demonstration  of  this  band  in  green  algae  and  diatoms  has  not  met 
with  success  in  our  hands,  perhaps  due  to  a  strong  overlap  of  ab- 
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sorption  bands  of  systems  I  and  II  in  the  blue  end  of  the 
spectrum. 

The  action  spectrum  of  the  enhancement  effect  with  a  700  mjj, 

background  light  in  ChlorellaSc^   showed,  however,  a  hump  around 

440  mn,  in  addition  to  several  other  bands,  due  to  chlorophyll  b 

and  Chi  a  670.   This  440  m.[i   band  may  be  due  to  the  Soret  band  of 
Chi  a  670. 
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Figure  6,   Action  spectra  of  enhancement  effect , 
in  Chlorella,  as  a  function  of  wavelength. 


71gure  5.   Absorption  spectrum  of  Chlorella  and 
plfpents  from  Chlorella, (measuring  band  width 
1  ^,  «fcer  Cedcrstrand). 


B.   LIGHT  INTENSITY  AND  THE  ENHANCEMENT  EFFECT 


Enhancement  was  measured,  both  as  a  function  of  the  intensity 
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of  the  supplementary  light  when  700  m\x   light  is  kept  constant, 
and  as  a  function  of  increasing  intensity  of  far-red  light, 
when  the  supplementary  light  is  kept  constant.   Figures  7  and  8 
show  that:  (1)  With  an  increase  in  the  intensity  of  supplement- 
ary light,  the  enhancement  reaches  a  plateau  and  then  declines 
(perhaps  we  reach  the  region  where  the  slope  of  the  light  curve 
decreases).   (2)  With  an  increase  in  the  intensity  of  700  m|a 
light,  the  enhancement  decreases.   Similar  results  were  obtained 
with  650  and  700  mja  light,  and  with  670  and  700  m|j.  light.   No 
enhancement  was  seen  between  690  and  700  mp.  at  any  of  the  in- 
tensities used.   Due  to  the  use  of  manometry  in  the  above  meas- 
urements, effects  of  light  on  the  oxygen  uptake  could  not  be 
avoided.   With  this  in  mind,  we  checked  part  of  our  results  in 
Chlorella  with  a  mass  spectrometer^^ .   Enhancements  by  factors 
up  to  8-10  could  be  obtained  by  selecting  the  appropriate  in- 
tensity and  wavelengths,  (650  m|j  and  720  m^i) .   Enhancement  in- 
creases with  an  increase  in  the  intensity  of  650  m|i  light,  and 
decreases  with  an  increase  in  the  intensity  of  far-red  light 
(at  720  mjj). 
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Figure  7.   Enhancement  effect,  in  Chlorella,  as 
a  function  of  far-red  light  intensity. 


Figure  8.   Enhancement  effect,  in  Chlorella,  as 
a  function  of  supplementary  light  Intensity. 
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IV. 


ENHANCEMENT  EFFECTS  IN  CHLOROPLAST  REACTIONS 


We  have  consistently  observed  the  enhancement  phenomenon  in 
the  Hill  reaction  with  isolated  chlOroplasts ,  using  quinone23  and 
NADp2'^  as  oxidants.   These  experiments  clearly  show  the  existence 
of  an  enhancement  when  a  far-red  beam  is  supplemented  by  light  of 
a  shorter  wavelength.   The  action  spectrum  of  this  effect  has 
peaks  at  650  mjj.  (due  to  chlorophyll  b)  and  675  m\i    (due  to  chloro- 
phyll a).   (See  figures  9  and  10).   Enhancement  of  NADP  reduction 
was  acc^ompanied  by  enhancement  of  oxygen  evolution.   The  situation 
may  be  different  with  other  Hill  oxidants,  such  as  certain  dyes, 
or  f erricyanide. 


SPfNACM 
NflOP  REDUCTION 


LIGHT     INTENSITY    IN   AReiTRART    UNITS 


630    640     650     660      670     680     690   700 

WAVELELENGTH.mx 


Figure  9.   Enhancement  in  NADP  reduction  as  a 
function  of  650  m.  light  intensity  in  spinach 
chluroplasts.   (after  R.  Guvindjee  and  Govindjee 
and  Hoch). 


Figure  10    Action  spectrum  of  Emerson  enhance- 
ment effect  in  NADP  reduction  for  spinach  chlor- 
oplasts.   (after  Yang  and  Govindjee). 


V. 


FLUORESCENCE  STUDIES 


We  reported32  ^-t^^^^    the  685  va\x   fluorescence  excited  by  436  m\x 
light  is  quenched  by  the  addition  of  700  m^  light.   This  effect 
can  be  interpreted  in  terms  of  two  photochemical  systems. 
Butler33^  Duysens  and  Sweers^^  obtained  similar  results.   To 
clarify  the  mode  of  action  of  different  oxidants  by  observing 
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their  effect  on  the  fluorescence  yield  of  "P  700"  and  Chi  a  670, 
we  first  measured  the  action  spectra  of  fluorescence  at  room,  and 
at  liquid  nitrogen  temperatures. 


I 
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Figure  11,   Fluorescence  exciLatlon  spectra  of  isolated  sp'nach 
chloroplasts,  measured  at  22°  C  (right)  and  at  -196"  C  (left); 
note  a  twentyfold  increase  in  the  fluorescence  yield.   The  appear- 
ance of  a  new  band  at  700  nvJ  in  Che  cooled  sample  is  clearly 
demonstrated;  tentatively,  it  can  be  assigned  to  P  700  — a  pig- 
ment (or  pigments)  absorbing  at  700  n^.   Ferricyanide  (10~-*,M) 
quenches  fluorescence  yield  (see  open  circles)  at  all  the  wave- 
lengths—due  to  the  formation  of  non-fluorescent  oxidation 
products  of  the  pigments  (after  Louisa  Yang  and  Covindiee). 


First,  we  show  (see  figure  11)  the  action  spectrum  of  fluores- 
cence of  a  chloroplast  suspension,  measured  at  758  m\x   and  at 
-196°  C.  A  peak  at  705  m\j.   appears  (which  is  not  present  at  room 
temperature).   This  provides  independent  confirmation  of  Butler's-*" 
prior  findings.   The  peak  is  believed  to  be  due  to  P  700. 

In  Anacystis,  fluorescence  spectra  (see  figure  12)  (excited  by 
436  and  605  m|i  light,  absorbed  primarily  by  chlorophyll  a  and 
phycocyanin  respectively)  show   (1)  that  chlorophyll  a  fluores- 
cence, when  excited  via  energy  transfer  from  phycocyanin,  is  much 
stronger  than  when  it  is  excited  directly;  (2)  that  excitation  in 
the  Soret  band  of  chlorophyll  a  is  not  transferred  to  phycocyanin; 
(3)  that  energy  transfer  yield  from  phycocyanin  to  chlorophyll  a 
is  much  less  than  1007o,  as  some  energy  is  lost  as  phycocyanin 
fluorescence  (peak  at  650  m|j) ;  (4)  upon  cooling  to  -196°  C,  new 
peaks  appear  at  696  m|j.,  718  m\i,    and  a  shoulder  at  760  m|j,. 
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The  ratio  of  intensities  of  the  718  and  the  685  m|a  fluores- 
cence bands  at  -196°  C  is  higher  when  chlorophyll  a  is  excited, 
than  when  phycocyanin  is  excited.   This  suggests  two  separate 
chlorophyll  a  systems:   (1)  one  system  in  which  the  energy  prefer- 
entially goes  to  the  part  of  chlorophyll  a  that  fluoresces  at 
718  ni|j,;  and  (2)  another  system  in  which  the  energy  preferentially 
goes  to  the  chlorophyll  a  that  fluoresces  at  685  m|a. 

The  750  mja  peak  in  the  excitation  spectrum  (see  figure  13)  is 
observed  consistently,  and  is  perhaps  due  to  P  750  N.   The  760  mp, 
shoulder  in  the  fluorescence  spectrum  is  due  to  the  fluorescence 
of  this  pigment.   The  696  m[x   band  may  be  due  to  the  "unknown  trap" 
of  photosystem  II  (cf.  also  57  and  58). 


700  750 

WAVELENGTH, m;< 


Figure  12.   Fluorescence  emission  spectrum  of 
Anacyst is.   (after  Spencer  and  Govind jee). 


600  700 

WAVELENGTH,  m/i 


Figure  13.   Fluorescence  excitation  spectrum  of 
Anacyst  is  at  two  temperatures  (after  Spencer  and 
Govind jee) . 


330 


Govind jee 


VI.  CONCLUDING  REMARKS  AND  SUMMARY 

1.  The  quantum  yield  of  photosynthesis  in  Chlorella  begins  to 
decrease  at  690  m|j,  and  declines  to  about  507o  at  730  mij,  (at  10°  C) , 
No  analogous  decline  was  noticed  in  bacterial  photosynthesis. 
This  may  mean  that  a  photochemical  system  of  type  II  is  absent 

in  bacteria. 

2.  A  prior  knowledge  of  the  shape  of  the  "light  curve"  (the 
plot  of  the  rate  of  the  O2  evolution  as  a  function  of  light  in- 
tensity) is  necessary  to  calculate  the  enhancement  factor.   A 
study  of  this  relationship  shows  the  existence  of:  (a)  S -shaped 
curves,  e. g.  in  photosynthesis  under  anaerobic  conditions,  and  in 
O2  evolution  in  chloroplasts  in  the  presence  of  ferricyanide  with 
catalytic  amounts   of  DCPIP;  (b)  curves  with  a  discontinuity  or 
"knick"  (700  mjj,  light  curve  for  oxygen  evolution  in  Porphyridium,) 
(c)  "light  curves"  with  a  rapidly  decreasing  slope  with  increas- 
ing light  intensity, 

3.  The  Emerson  enhancement  effect  first  increases  linearly 
with  an  increase  in  supplementary  light  intensity,  then  saturates 
and  finally  declines.   It  decreases  with  an  increase  in  the 
intensity  of  far-red  light. 

4.  The  data  presented  substantiate  the  hypothesis  of  two 
light  reactions  involved  in  both  photosynthesis  and  the  Hill 
reaction.   From  the  two  action  spectra  of  the  enhancement  effect, 
measured  with  constant  far-red  and  with  constant  supplementary 
beam,  respectively,  and  from  fluorescence  studies,  there  emerges 
a  picture  of  two  photochemical  systems:   System  I.  This  is  com- 
posed of  Chi  a  680/690  and  its  "trap,"  P  700.   The  P  700  is  non- 
fluorescent  at  room  temperature,  and  fluorescent  at  liquid  nitro- 
gen temperature.   Its  fluorescence  peak  is  at  718  m|j..   Some 

Chi  a  670  also  belongs  to  this  system.   System  II.  This  is  com- 
posed of  Chi  a  670,  and  the  "accessory  pigments."  Chi  a   is 
fluorescent  at  room  temperature. 

5.  In  Anacystis ,  measurements,  at  -196°  C,  of  fluorescence 
spectra,  excited  at  436  m|j.  (chlorophyll  a)  and  605  m|a  (phyco- 
cyanin) ,  show  that  the  relative  heights  of  fluorescence  bands 
at  687  my,  and  at  718  m|j,  are  very  different.   The  ratio  of  the 
maxima  of  the  718  m|j,  fluorescence  band  to  that  of  the  687  mjj, 
band  is  greater  when  Anacystis  is  excited  by  436  my.  light,  than 
when  it  is  excited  by  605  my.  light.   This  suggests  the  existence 
of  two  kinds  of  chlorophyll  a:   one  that  receives  its  energy 
primarily  from  the  phycobilins,  and  another  that  receives  its 
energy  directly  from  chlorophyll  a. 
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SEPARATION  OF  THE  EFFECTS  OF  TWO  PHOTOCHEMICAL 
REACTIONS  BY  STUDIES  OF  OXYGEN  EXCHANGE 

C.  S.  French 


SUMMARY 

In  the  red  alga  Porphyridium  red  light,  absorbed  by  chlorophyll 
a,  produces  some  substance  that  is  an  intermediate  in  the  process 
of  O2  evolution.   This  material  is  used  up  by  green  light  which  is 
absorbed  by  phycocyanin  while  O2  is  produced.   Its  presence  after 
red  illumination  may  be  detected  either  by  the  enhanced  photosyn- 
thesis from  a  short  exposure  to  green  light  or  by  the  increased 
rate  of  Go  uptake  which  it  causes.   No  evidence  could  be  found  for 
the  post-illumination  survival  of  a  comparable  green  light  prod- 
uct.  Some  other  investigations  of  photosynthesis  in  flashing  mon- 
ochromatic light  are  described. 

INTRODUCTION 

(1  2  3) 

By  recording  rates  of  O2  evolution  polarographically   '  '    it 

is  possible  to  see  some  of  the  consequences  of  interactions ^^'^^ 
between  the  two  photochemical  processes  in  whole  cells  or  in 
chloroplasts .   Perhaps  the  most  striking  evidence  for  a  complex 
interlocking  of  photochemical  and  dark  reactions  is  in  the  time- 
course  curves  for  O2  evolution  during  the  induction  period  of 
photosynthesis.   These  curves  have  an  extraordinary  range  of  vari- 
ation, yet  they  are  obviously  composed  of  underlying  basic  charac- 
teristics--an  initial  sharp  spike,  a  later  rounded  spike,  then  a 
dip  and  a  slow  rise,  perhaps  followed  by  a  slow  decline.   Various 
inf luences--wavelength  of  light,  temperature,  added  chemicals,  hy- 
drostatic pressure,  and  previous  treatment  of  the  material,  all 
produce  systematic  changes  of  the  specific  features  of  the  rate 
curves  during  the  induction  period. 

Learning  to  read  the  meaning  of  these  curves  in  terms  of  two  or 
more  photochemical  reactions  acting  on  limited  pool  sizes  of  in- 
termediate substances  is  still  a  distant  objective.   Intuition 
backed  up  by  the  application  of  mathematical  expressions  for  rates 
of  interrelated  chemical  reactions  of  a  hypothetical  nature^  -'  is 
only  a  beginning.   Eventually  the  biochemical  transformations  and 
the  kinetic  observation  on  rates  of  O2  evolution  must  be  explain- 
able in  the  same  terms. 
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THE  POST- ILLUMINATION  EXCHANGE  OF  O2 

Brackett,  Olsen,  and  Crickard^  "^  found  a  stimulation  of  respir- 
ation in  Chlorella  immediately  after  illumination,  and  Blinks^'^ 
saw  the  effect  using  two  beams  of  light. 

The  difference  between  green  and  red  light  in  producing  an  in- 
creased uptake  of  Go  after  the  exposure  is  shown  in  figure  1.   The 
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Fig.  1.   The  time  course  of  photosynthesis  in  red  and 
in  green  light  for  Porphyridium.   Red  light  makes  a  pro- 
duct that  increases  the  rate  of  O2  uptake  during  and  af- 
ter exposure.   French  and  Fork ^5;^ 

drop  in  rate  of  O2  evolution  after  a  light  exposure  may  take  over 
a  minute  to  become  complete  even  in  the  presence  of  a  large  res- 
piratory stimulation  induced  by  light.   After  the  rate  has  reached 
its  minimum  value  it  climbs  back  to  the  original  dark  level  as  the 
light-induced  material  that  gives  increased  O2  uptake  is  consumed. 
Its  half -life  in  Porphvridium  is  about  1.1  min. 

Of  course  it  is  possible  to  explain  the  observed  curves  by  as- 
suming two  opposite  effects  of  light  on  O2  exchange.   From  this 
point  of  view  we  would  have  an  inhibitory  effect  of  light  on  O2 
uptake  that  decayed  fairly  rapidly,  superimposed  on  a  more  persis- 
tent stimulation  of  O2  uptake.   The  alternative  explanation  for 
the  slowness  of  the  return  of  the  rate  to  its  pre-illumination 
level  is  that  O2  production  actually  continues  at  a  more  or  less 
exponentially  decreasing  rate  after  the  light  is  turned  off.   This 
continuing  O2  evolution  has  its  counterpart  in  CO2  uptake  follow- 
ing a  light  exposure--the  "pickup"  experiments  of  McAlister^"''. 
The  post-illumination  extension  of  O2  production^^^  is  better  ex- 
plained by  the  idea  of  parallel  rather  than  consecutive  photochem- 
ical reactions.   According  to  this  concept  of  Brody  and  Brody^lO-' 
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reviewed  by  Clayton^ ^■'-^  On  comes  off 


and  of  French  and  Fork^  '-''' 

from  a  reaction  involving  both  photoproducts .  Following  an  expo- 
sure to  a  wavelength  previously  activating  one  of  the  pigment  sys- 
tems, the  lingering  O2  evolution  decreases  slowly.  However  if  the 
other  photoproduct  is  continuously  produced  by  exposure  to  a  back- 
ground light  which  activates  the  other  pigment  system  the  decrease 
in  rate  is  much  more  rapid,  as  seen  in  figure  2.   Thus  by  speeding 


Wilh   650rr.ii 


Fig,  2.   (a)  The  rate  of  O2  exchange  from  a  20-second 
exposure  at  650  m(a  in  Scenedesmus .   A  background  light 
of  690  mn  increases  the  rate  of  decay  of  the  lingering 
O2  evolution  so  much  that  the  opposing  light-stimulated 
O2  uptake  becomes  evident, 

(B)  The  decline  in  rate  of  O2  evolution  in 
Scenedesmus  after  a  2-minute  exposure  to  700  mp.   With 


650-mp  background  the  decline  is  much  steeper.   French 


(9) 


up  the  utilization  of  the  02-evolving  products  this  reaction  can 
be  completed  quickly.   When  this  is  done  with  a  background  beam 
the  light-stimulated  uptake  of  O2  shows  more  clearly  in  the  post- 
illumination  part  of  the  time-course  curve,  as  is  also  evident  in 
figures  1  and  2. 


Because  the  increased  rate  of  0^  uptake  at  very  low  light  in- 
tensity starts  before  photosynthesis  does,  its  magnitude  for  dif- 
ferent wavelengths  can  be  measured  by  the  small  negative  deflec- 
tion at  the  start  of  a  light  exposure.   The  action  spectrum  for 
respiratory  stimulation  was  measured  by  plotting  the  initial  nega- 
tive spike  and  also  by  the  magnitude  of  the  increased  O2  uptake 
following  an  exposure.   The  spectra  of  figure  3  show  that  the  in- 
creased O2  uptake  is  induced  by  light  absorbed  by  chlorophyll 
while,  as  has  long  been  known^^>  ■'-^  »■'--''' ,  O2  evolution  is  far  great- 
er in  light  absorbed  by  the  accessory  pigment  system.   An  inter- 
esting characteristic  of  these  spectra  is  that  they  show  very  lit- 
tle if  any  evidence  for  the  participation  of  phycoerythrin  in  the 
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Fig,  3.   The  action  spectra  for  O2  production  in  Porphy- 
ridium  compared  with  that  for  production  of  the  substance 
that  increases  the  rate  of  O2  uptake  measured  in  two  dif- 
ferent ways.   The  top  curve  is  the  absorption  spectrum. 
French  and  Fork^^^. 

chlorophyll  system  found  by  Duysens  and  Amesz'^^^  measuring 
cytochrome  changes . 

THE  LIFETIMES  OF  THE  PRODUCTS  OF  THE 
TWO  REACTIONS  IN  THE  DARK 

Myers ^^^^  found  that  the  Emerson  enhancement  effect  could  be 
seen  if  the  two  beams  were  rapidly  alternated  as  well  as  when  they 
were  given  together.   This  implies  that  at  least  one  of  the  photo- 
chemical reactions  makes  a  product  that  survives  the  exposure  pro- 
ducing it  and  that  this  product  makes  possible  a  more  efficient 


339 


C.  S.  French 


utilization  of  light  in  the  other  beam.   However,  this  experiment 
does  not  tell  which  beam  makes  the  enhancing  product. 

Experiments^"''  with  light  exposures  of  a  few  seconds  duration 
have  settled  this  question,  at  least  for  Porphyridium.   They 
showed  that  more  oxygen  was  produced  by  a  green  exposure  if  it  was 
preceded  by  a  red  exposure  (Table  1),   The  converse  effect:   an 


TABLE  1.  Peak  Rates  from  3-sec  Light  Exposures 
in  Porphyridium 


Green  alone 

Green,  20  sec  after  red 

Red  alone 

Red,  20  sec  after  green 


19.4 
23.0 

17.1 
14.0 


Enhancement 


Inhibition 


increase  in  yield  in  red  light  following  green  was  not  seen. 

In  these  experiments  on  Porphyridium  I  did  not  see  any  increase 
during  the  dark  time  between  the  exposures  as  was  found  in  both 
Ankistrodesmus  and  in  chloroplasts  by  Whittingham  and  Bishop' ■'-"^ . 
In  Porphyridium  the  amount  of  enhancement  merely  declined  during 
the  dark  time  with  a  half-life  of  about  18  sec. 


Recently  I  looked  for  possible  products  of  green  light  action 
that  might  enhance  photosynthesis  by  red  light,  but  that  might 
have  such  a  short  survival  time  in  the  cells  as  to  have  escaped 
detection  with  exposures  of  a  few  seconds  and  with  corresponding 
dark  intervals  of  20  seconds.   In  these  experiments  10  ms  paired 
flashes  of  red  and  of  green  were  given  50  ms  apart  but  with  long 
dark  times  of  500  ms  between  successive  exposures  to  the  two 
flashes.   Even  the  long  dark  times  were  so  short  that  the  decay  of 
the  red  light  product  was  insignificant.   No  difference  was  found 
if  the  order  of  the  flashes  within  each  pair  was  reversed.   Red 
followed  by  green  gave  the  same  rate  as  did  green  followed  by  red. 
Enhancement  in  Porphyridium  therefore  seems  to  be  due  to  a  red 
light  product  that  is  used  by  green  light.   This  finding  implies 
that  the  common  method  for  calculation  of  enhancement  as  an  in- 
crease in  photosynthesis  in  red  light  by  added  green  should  be  re- 
considered.  At  least  in  Porphyridium  the  utilization  of  a  red 
light  product  by  green  light  given  later  shows  that  the  enhance- 
ment could  perhaps  better  be  expressed  as  an  increase  in  the  rate 
of  photosynthesis  by  green  light  when  red  is  given  before  or  dur- 
ing the  green  exposure. 
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THE  RATES  OF  UTILIZATION  OF  THE  PHOTOPRODUCTS  DURING  ILLUMINATION 

The  flashing  light  experiments  of  Emerson  and  Arnold^^'\  later 
followed  up  with  improved  methods  by  Tamiya^l^^,  Kok^-*-^^,  and  oth- 
ers, were  done  before  it  was  realized  that  more  than  one  photo- 
chemical reaction  was  involved.   The  reduction  in  the  yield  per 
flash  as  the  dark  period  was  shortened  was  interpreted  as  measur- 
ing the  time-course  of  a  dark  reaction  initiated  by  the  photochem- 
ical act.   The  time-courses  for  the  dark  reactions  following  each 
photochemical  reaction  are  certainly  different,  as  we  have  seen 
with  the  long  flash  experiments.   The  basic  idea  was  to  follow  the 
time-course  for  the  utilization  of  the  products  of  each  photochem- 
ical reaction  as  the  intensity  of  the  background  light  absorbed  by 
the  other  pigment  system  is  varied.   It  has  not  yet  been  possible 
to  find  conditions  giving  flash  saturation  over  a  range  of  dark 
times  for  one  light  color  in  the  presence  of  a  continuous  back- 
ground light  activating  the  other  pigment  system.   The  range  be- 
tween the  rate  at  flash  saturation  for  one  color  with  background 
light  of  another  color  and  the  ceiling  imposed  by  the  saturation 
level  in  continuous  light  leaves  very  little  scope  for  significant 
measurements  of  the  yield  per  flash  with  differing  dark  times. 

Some  results  with  flashing  light  will  be  mentioned:   In  these 
experiments  with  Porphyridium  at  5°  C  nearly  identical  saturation 
rates  V7ith  continuous  light  were  found  in  the  two  colors.   This 
result  differs  from  those  of  McLeod^^^^  with  other  species  at  room 
temperature  where  the  rate  at  saturation  was  found  to  vary  with 
wavelength. 

The  flash-saturation  level  at  5°  C  is  identical  with  red  and 
with  green  light.  With  flashes  of  9  ms  at  95  ms  dark  intervals 
the  flash-saturation  rate  in  both  red  and  green  light  was  about 
60  per  cent  of  the  rate  at  saturation  with  continuous  light.  With 
1,5  ms  flashes  and  about  the  same  dark  time  the  available  intensi- 
ty did  not  produce  flash-saturation  but  at  least  with  red  light  at 
several  intensities  the  rate  appeared  to  extrapolate  to  about  the 
same  value  found  for  the  longer  flashes.   However  with  red  flashes 
of  1,5  ms  and  dark  times  of  535  ms  a  flash-saturation  level  of 
about  21  per  cent  of  the  continuous  saturation  level  was  ap- 
proached.  These  flashes  were  also  given  with  a  continuous  green 
background  light  that  produced  a  rate  25  per  cent  of  saturation, 
A  small  enhancement  of  the  rate  was  seen  but  flash  saturation  was 
not  attainable.   Evidently  greater  familiarity  with  the  response 
of  Porphyridium  to  various  regimes  of  flashing  monochromatic  light 
will  be  necessary  before  the  appropriate  experiments  leading  to 
the  above-outlined  objectives  can  be  planned.   Various  exploratory 
experiments  have,  however,  turned  up  some  unexpected  effects  de- 
scribed in  the  next  section. 
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SOME  EFFECTS  OF  MONOCHROMATIC  FLASHING  LIGHT  IN  PORPHYRIDIUM 

Further  effects  of  flashing  light  selected  in  wavelength  to 
activate  preferentially  one  or  the  other  pigment  system  were  seen, 
A  striking  difference  between  green  and  red  was  found  in  the  vari- 
ation of  photosynthetic  rate  as  the  speed  of  the  sector  was  va- 
ried.  This  kind  of  a  flashing  light  experiment,  in  which  both  the 
length  of  the  flash  and  the  dark  time  vary  together,  has  an  advan- 
tage over  the  independent  variation  of  either,  in  that  the  total 
amount  of  light  given  the  cells  per  minute  remains  constant. 
Measured  changes  in  the  steady-state  rate  are  far  less  susceptible 
to  errors  from  unexpected  causes  than  are  calculations  of  yield 
per  flash  from  widely  differing  rates.   The  interpretation  of  the 
results  is,  however,  not  as  straightforward  as  for  experiments  in 
which  only  the  dark  time  was  changed.   Figure  4  shows  such  an 
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Fig,  4.   The  variation  of  photosynthetic  rate  of  Porphy- 
ridium  with  sector  speed  in  two  colors  of  flashing  light. 
Conditions:   artificial  sea  water,  5  per  cent  CO2  in  air, 
about  23°  C,  sector  opening  about  1.2  per  cent  of  circum- 
ference. 

experiment  in  which  the  intensities  were  adjusted  to  give  the  same 
rate  in  green  and  in  red  at  the  highest  sector  speed.   With  red 
light  the  rate  was  more  strongly  influenced  by  the  distribution  of 
the  light  in  time  than  it  was  with  green  light. 

At  low  light  intensity  the  differences  between  the  rates  with 
high  and  low  sector  speeds  are  large.  However,  at  higher  inten- 
sity the  differences  become  smaller  as  is  evident  from  figure  5, 
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Fig,  5.   The  decrease  in  photosynthetic  rate  at  low  sec- 
tor speed  at  different  intensities  of  red  and  green 
light. 

A  particularly  interesting  difference  in  the  response  to  single 
flashes  of  50  ms  given  at  21.5  sec  intervals  is  illustrated  in 
figure  6.   Here  we  see  two  different  manifestations  of  the  en- 
hancement effect.   The  top  curve  shows  green  flashes  given  with 
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Fig,  6.   The  rate  of  oxygen  exchange  following  50  ms 
flashes  given  repetitively  with  and  without  complemen- 
tary background  light. 

and  without  a  continuous  red  background.   The  spike  height,  that 
is,  the  initial  rate  of  Oo  evolution,  is  increased  by  the  continu- 
ous red  light.   The  time  during  which  O2  is  produced  after  the 
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flash,  however,  remains  the  same  with  and  without  the  red  back- 
ground. 

On  the  other  hand,  the  red  flashes  behave  differently.   The 
height  of  the  spikes  from  red  flashes  does  not  increase  when  a 
green  continuous  background  is  given.   In  this  case  the  enhance- 
ment shows  up  as  a  prolongation  of  the  time  of  O2  evolution  fol- 
lowing the  flash.   For  flashes  of  either  color  more  O2  is  produced 
per  flash  when  the  other  pigment  system  is  illuminated  by  continu- 
ous light,  but  the  kinetic  nature  of  the  increase  contrasts  sharp- 
ly.  Similar  experiments  were  carried  out  last  summer  by  the 
Govindjees  in  far  more  detail. 

So  far  only  a  beginning  has  been  made  in  developing  a  kinetic 
picture  of  the  relations  between  the  two  light  reactions  of  photo- 
synthesis with  their  associated  dark  reactions,  as  measured  by  O2 
evolution, 

COMMENTS  ON  ABSORPTION  AND  ACTION  SPECTRA  WITH  PEAKS  NEAR  700  m\J 

One  of  the  current  basic  questions  is  whether  or  not  all  action 
spectra  giving  peaks  near  700  mn  can  be  explained  on  the  basis  of 
an  activity  of  C^  685  which  is  driven  in  the  opposite  direction  by 
the  overlapping  absorption  of  C^   650  and  Cg  670.   If  not,  there 
must  be  three  rather  than  two  separate  photochemical  reactions  in 
the  photosynthetic  process.   The  work  of  the  Witt  group(21)  has 
lead  them  to  this  conclusion. 

Near  700  mn  and  beyond,  the  absorption  of  C^  685  greatly  pre- 
dominates over  the  absorption  by  the  tails  of  the  accessory  pig- 
ment system  components  C^  650  and  C^  670.  Effects  due  to  Cg  685 
absorption  which  are  reversed  by  action  of  the  accessory  pigment 
system  should  therefore  give  an  apparent  action  spectrum  peaking 
at  or  beyond  700  mn. 
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CHROMATIC  TRANSIENTS  AND  ENHANCEMENT  RECORDED 
BY  THE  GLASS  ELECTRODE 

L.   R.    Blinks 


Blinks  and  Skow  ^-^^    showed  that  a  glass  electrode  surface  in 
direct  contact  with  tissues  or  cell  suspensions  could  be  used 
to  indicate  the  exchange  of  CO2  (or  other  acids)  dirring  respira- 
tion and  photosynthesis.   Transients  were  recorded^  with  "acid 
gushes"  sometimes  occurring  during  the  first  moments  of  illumina- 
tion, preceding  the  expected  rise  of  pH.   These  were  later 
detected  manometrically  by  Emerson  and  Lewis  V^j  a.nd  identified 
as  CO2  gushes.   They  have  since  been  designated  the  "First 
Emerson  Effect."   The  cause  of  this  acid  gush  is  still  unknown, 
and  deserves  further  study. 

Later , applications  of  the  glass  electrode  were  made  by 
Gaffron  ^-'^   Rosenberg  '^/,  and  most  recently  by  Blinks  and  van 
Niel  (5),  who  followed  the  consumption  of  acetate  in  Rhodo- 
spirillum  rubr\mi  by  its  means.   They  found  no  evidence  of  photo- 
synthetic  enhancement  in  these  bacteria,  when  the  latter  were 
simultaneously  illuminated  at  two  or  more  critical  absorptive 
regions  of  the  constituent  pigments.   There  was  only  a  simple 
addition  of  rates.   While  this  was  in  accord  with  expectation, 
since  there  is  no  oxygen  evolving  mechanism  in  R.  rub rum,  it 
nevertheless  seemed  desirable  to  employ  the  same  method  with 
algae,  where  both  manometric  and  polarographic  oxygen  evolution 
measurements  had  shown  good  enhancement  v^WjoJ. 

In  the  present  paper  both  enhancement  and  chromatic  tran- 
sients are  shown  in  the  photosynthetic  fixation  of  CO2  by 
several  algae,  when  illuminated  simultaneously  or  consecutive- 
ly with  essentially  monochromatic  light  absorbed  by  chlorophyll 
a  and  one  or  another  of  the  "accessory  pigments"  such  as  chloro- 
phyll b,  phycobilins  or  carotenoids. 

Two  arrangements  were  employed:  one,  best  adapted  to  suspens- 
ions of  cells  or  filaments  in  fluids,  gives  a  progressive,  cumu- 
lative record  of  the  CO2  exchange;  the  other,  best  adapted  to 
thin  tissues  or  membranes  yields  steady  state,  direct  rate 
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measxireinent  (as  does  the  platinum  polarographlc  electrode  in 
contact  with  the  tissue).   The  former,  fluid  type  may  be  simply 
a  conventional  glass  electrode,  plunged  into  the  cell  suspens- 
ion (3),   If  only  small  amounts  of  material  are  available,  or 
one  wishes  to  use  a  narrow  beam  of  light  (as  from  a  monochromator 
slit),  a  biolb  of  015  Corning  glass  may  be  used  to  contain  the 
suspension.   This  may  be  spherical  or  elongated  into  a  cylinder 
as  in  the  "everted"  glass  electrode  employed  by  Blinks  and 
van  Niel  w).   The  bulb,  filled  with  suspension,  is  inimersed  in 
an  external  buffer,  with  the  pH  changes  now  being  recorded  in 
the  opposite  sense  to  the  nonnal,  inimersed  electrode.    Connect- 
ions are  made  by  calomel  electrodes  to  the  recording  system 
(a  Beckman  Type  G  meter  and  a  "Speedomax"  or  "Servo-riter" 
recorder. ) 

For  thin  thalli  or  membranous  algae  this  system  is  not  as 
well  adapted  as  the  "film  technique."  Here  the  thallus  is  held 
in  direct  contact  with  the  glass  surface,  either  with  a  band  of 
cellophane,  or  in  the  ultimate  modification,  by  capillarity. 
The  former  arrangement  is  immersed  in  sea  water,  exactly  as  with 
the  polarographlc  platinum  electrode.   But  this  tended  to  give 
slow  responses;  even  when  the  volTime  of  sea  water  could  be  kept 
small,  CO2  equilibrated  slowly  with   sea  water  by  diffusion  or 
convection.   Flow  or  stirring  improved  this  situation  (as  with 
the  oxygen  electrode).   But,  finally,  with  certain  algae,  the 
arrangement  shown  in  Fig.  1  was  utilized.   Some  intertidal  algae 
such  as  Ulva,  Enteromorpha  or  Porphyra  are  often  exposed  for 
many  hours  to  the  moist  air  of  the  littoral  zone,  without  obvious 
damage  or  decrease  of  photosynthetic  rate.   Consequently  it  was 
decided  to  try  the  alga  in  moist  air  only  against  the  glass 
electrode.   The  latter  was  largely  coated  with  a  hard  wax 
("Ceresin")  except  for  a  "window"  of  about  3  mm.  x  25  mm.   Over 
this  glass  sur-face  was  placed  a  moist,  fresh  thallus  of  Porphyra 
or  Ulva,  and  the  electrode  then  mounted  in  a  closed  jar  contain- 
ing a  little  sea  water  at  the  bottom.   The  latter  made  contact 
with  a  tab  of  the  tissue  which  projected  beyond  the  electrode; 
this  tissue,  with  resistance  so  much  less  than  that  of  the  glass 
electrode,  made  essentially  equal  contact  with  all  parts  of  the 
exposed  electrode  surface.   The  fluid,  consequently  the  total 
buffering  to  be  altered  by  CO2  exchange,  was  now  reduced  to  that 
in  the  tissue  itself,  plus  the  thin  adherent  films  of  sea  water 
on  its  inner  and  outer  surface.   As  expected,  the  pH  changes 
were  now  much  more  rapid;  also,  the  pH  now  reached  a  new  steady 
state  determined  by  the  photosynthetic  rate,  and  the  diffusion 
of  gaseous  CO2  from  the  atmosphere. 
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Figure  1.  Apparatus  for 
measuring  pH  changes  due  to 
CO2  exchange  in  membranous 
algae.  A  thallus  (th)  is  held 
by  capillarity  against  the 
active  glass  electrode  surface 
(the  remainder  being  waxed). 
The  tip  of  the  tissue  dips 
into  sea  vater.  KCl-agar  salt 
bridges  (sb)  connect  to 
calomel  electrodes. 


At  the  beginning  of  the  recent  work  on  algae,  a  few  records 
were  taken  with  the  "fluid"  arrangement,  in  an  everted  electrode 
especially  with  the  filamentous  green  alga  Chaetomorpha,  and 
the  delicate  branched  red  alga  Antithamnion  (in  normal  sea  water) . 
The  results  with  the  former  are  shown  in  Fig.  2.   The  pH  drifts 
downward  in  the  dark,  then  after  a  slight  "acid  gush"  Increases 
rapidly  in  the  light.   With  less  intense  monochromatic  light  at 
702  mi-i,  compensation  was  just  reached,  at  which  the  pH  remained 
constant.   The  same  was  approximately  true  at  6U5  my,  (absorbed 
by  chlorophyll  b).   If  the  intensity  of  either  of  these  was 
doubled,  the  rise  of  pH  just  about  equalled  the  fall  in  the  dark. 
On  the  other  hand  if  the  two  wave  lengths  were  given  together, 
the  rise  of  pH  was  about  twice  as  fast  as  the  previous  fall  in 
the  dark.   This  gives  an  enhancement  of  some  50^  or  a  factor 
E  of  1.5,  where  E=  a,b  (simult.)/  a  +  b.   Just  as  with  oxygen 
evolution,  CO2  fixation  shows  good  enhancement. 

With  the  second  arrangement,  (membranous  algae)  normal  air 
(sat-urated  with  water  vapor)  was  passed  slowly  through  the  jar; 
in  a  few  cases  air  enriched  with  l/o  CO2  vas  used,  but  this  tended 
to  buffer  the  tissue  too  well,  and  gave  smaller  pH  changes  on 
illumination.   The  tissues,  especially  Enteromorpha  and  Porphyra 
perforata,  tolerated  this  exposure  to  moist  air  very  well,  and 
could  be  used  for  several  days.   In  the  case  of  Porphyra,  some 
of  the  intercellular  wall  materials  (comparable  to  agar)  no  doubt 
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Figure  2.   pH  changes  of  sea 
water  produced  by  a  green 
filamentous  alga,  Chaeto- 
morpha  aerea,  contained  in  an 
"everted"  glas s  e le c t r ode . 
Respiration  (d)  caused  a 
slow  fall  of  pH:  red  light 
caused  a  small  "acid  gush," 
followed  by  a  rapid  rise  of 
pH.  Far  red  light  of  the  same 
intensity  produced  compensa- 
tion, with  no  pH  drift,  as 
did  6k'^   mji.  Doubling  the 
intensity  of  the  latter 
doubled  this  rate,  while  6^4-5 
+  702  mp  show  good  enhance- 
ment, with  about  50/0  increase 
of  rate  over  the  expected  ad- 
dition of  the  individual  wave 
lengths . 
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contributed  to  the  buffering  of  the  system,  since  they  are 
capable  of  9ation  exchange,  including  H-ion  as  shown  by  Eppley 


capable  of  cation  exchange,  inc. 
and  Blinks  v9)^  and  Eppley  (lO) 


Fig.  3  shows  the  change  of  pH  produced  by  illumination  with 
red  (678  mji)  and  green  (566  mn)  light  respectively  in  the  case 
of  Porphyra  Nereocystis.   The  former  produces  a,  rapid  pH  rise, 
followed,  in  the  coiorse  of  about  5  minutes,  by  a  slow  decrease. 
The  green  light  causes  a  slower  rise,  sometimes  with  an  Induct- 
ion period  (rise,  fall  and  later  rise).   Darkening  causes  prompt 
fall  of  pH  after  red  light,  but  often  a  slower  one  after  green 
light. 


Fig.  3  also  shows  chromatic  transients,  produced  by  alternat- 
ion of  red  and  green  light.   As  might  be  expected  from  the  light- 
dark  time  course  the  red  transient  consists  of  a  cusp  (a) 
followed  by  a  slow  fall  to  a  steady  state;  the  green  transient 
of  a  rapid  drop,  followed  by  rather  quick  recovery.   The  size 
of  these  chromatic  transients  was  usually  10  to  15'^  of  the  steady 
rate,  but  occasionally,  especially  with  tissue  which  had  been  on 
the  electrode  for  considerable  time,  might  become  much  larger, 
reaching  50^  in  extreme  cases.   It  is  believed  that  some  of  these 
represented  warming  of  somewhat  dehydrated  tissue.   In  any  case 
it  was  greatest  in  the  case  of  a  678  m|i  interference  filter  which 
had  an  infra-red  transmission  band  as  well. 
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Figure  3«  pH  changes 
with  the  "fiW  or 
membrane  te  chnique , 
using  Porphyra 
Nereocystis,  a  red  alga, 
in  direct  contact  with 
electrode  as  in  Fig.  1. 
The  pH,  nearly  station- 
ary in  the  dark,  rises 
rapidly  when  the  tissue        ""*"''  '^ 

is  illuminated  at  the 

chlorophyll  a  peak  (678  m)i);  there  is  also  a  rapid  fall  in  the 
dark  (d)  with  a  slight  overshoot  (probably  due  to  increased 
respiration) .  Green  light,  at  the  absorption  peak  of  phyco- 
erythrin  (566  mji)  caused  a  slower  rise  (with  initial  induction), 
and  was  followed  by  a  slower  fall  in  the  dark.  The  2  wave  lengths 
were  next  alternated,  giving  chromatic  transients  with  magnitude 
some  15'^  of  the  photo  synthetic  steady  rate . 


Rapid  alternation  of  the  two  wave  lengths  did  not  cause  any 
appreciable  rise  of  the  steady  state  rate;  this  is  not  in  agree 
ment  with  the  "flicker  effect"  in  oxygen  evolution  ^^K 


At  atmospheric  CO2  content,  evidence  of  an  initial  acid  gush 
was  seldom  found  on  these  records.   But  this  is  to  be  expected, 
since  Emerson  ^^-^  showed  the  CO2  gush  to  be  more  prominent  at 
higher  CO2  tensions. 

The  Second  Emerson  Effect  (enhancement)  is  well  shown  by  the 
glass  electrode.   Fig.  h   indicates  the  extent  of  this  in  P. 
Nereocystis.   The  rate  (E=1.5)  with  two  lights  is  at  least  '^O'fo 
higher  than  that  predicted  from  simple  addition  of  the  two  mono- 
chromatic rates.   The  transients  following  added  red  light  (with 
tissue  now  exposed  to  green  light  only),  become  very  conspicuous, 
the  pH  dropping  almost  to  the  dark  base  line  before  recovery  sets 
in. 


Lesser  transients  and  enhancement  of  the  CO2  exchange  were  found 
between  chlorophyll  a  (at  678  mp.)  and  phycocyanin  (at  615  mp.), 
probably  because  of  a  greater  overlap  in  absorption  by  the  latter 
compared  to  phyco-erythrin.   Red  algae  also  showed  CO2  transients 
and  enhancement  between  phyco-erythrin  and  the  blue  absorption 
region  of  chlorophyll  a.   No  evidence  of  carotenoid  participat- 
ion in  either  photosynthesis  or  transients  was  found,  however. 
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Figure  h.     Photosynthetic 
erihancement  in  Porphyra 
Nereocystis.  Exposures  to 
red  light  (678  m|i)  and 
green  (  566  mp.)  were  ad- 
justed to  give  essentially 
equal  responses.  Doubling 
the  intensity  of  each  light 
doubled  the  response. 
Adding  red  to  green  light 
(566  +  678)  however,  pro- 
duced some  50^  greater 
rise  of  pH,  with  an  enhance- 
ment factor  (E)  of  about  1.5« 
Note  the  very  profound  undershoot,  almost  reaching  the  respi- 
ration base  line,  when  red  was  turned  off.  There  is  conversely 
a  rather  slow  fall  of  pH  on  darkening  after  green  light. 


7.- 


In  green  algae,  good  chromatic  transients  and  enhancements 
between  chlorophylls  a  and  b  were  obtained  by  the  glass 
electrode.   Brown  algae  have  not  yet  been  tested  by  this  method, 
most  of  them  having  thalli  too  thick  for  rapid  gas  equilibration, 
hence  giving  slow  responses. 

Perhaps  the  greatest  surprise  in  the  CO2  transients  is  the 
direction  of  the  cusps  due  to  chlorophyll  and  the  accessory 
pigments.   Oxygen  evolution  is  initially  much  higher  when  the 
accessory  pigments  are  absorbing  (though  followed  by  a  pronounced 
depression);  however,  CO2  fixation  starts  more  slowly  during 
accessory  pigment  absorption  and  then  rises.   Conversely,  absorp- 
tion by  chlorophyll  causes  a  slower  rise  of  oxygen  evolution, 
whereas  CO2  consumption  starts  off  quickly  and  falls  away  with 
time . 


These  differences  are  no  doubt  to  be  related  to  the  different 
rates  of  TPKH  and  ATP  formation  by  the  chlorophyll  and  accessory 
pigments;  but  also  to  the  ribulose  and  other  pool  sizes  in  the 
carbon  fixation  cycle.   Until  these  biochemical  factors  (and 
their  rates)  are  related  to  individual  pigment  participation, 
external  measurements  of  such  raw  ms.terials  or  products  as  carbon 
dioxide  and  oxygen  can  only  suggest,  but  certainly  not  answer, 
the  kinetic  problems  which  must  be  involved. 
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OBSERVATIONS  ON  THE  FUNCTION  OF  CHLOROPHYLL  a 
AND  ACCESSORY  PIGMENTS  IN  PHOTOSYNTHESIS 

David  C.  Fork 


SUMMARY 

The  "inactive"  chlorophyll  of  red  algae  in  red  or  in  blue  light 
was  seen  when  action  spectra  for  photosynthesis  were  determined  at 
low  temperatures  but  was  abolished  when  action  spectra  were  deter- 
mined with  green  background  light  (absorbed  by  phycobilins) .  En- 
hancement was  thus  not  limited  to  the  red  absorption  band  of  chlo- 
rophyll a  t>ut  occurred  as  well  in  the  blue. 

Enhancement  spectra  are  given  for  green,  brown,  and  red  algae. 
The  results  are  considered  in  terms  of  the  Emerson  enhancement 
effect  that  efficient  photosynthesis  requires  dual  excitation  of 
accessory  pigments  and  long -wavelength  chlorophyll. 

Two  different  light  reactions,  each  sensitized  by  a  different 
pigment  system  were  seen  in  chloroplasts  lacking  added  Hill  oxi- 
dants. An  action  spectrum  for  the  Go-production  spike  had  a  peak 
at  669  mii,  a  far-red  limit  around  713  m|j,  and  suggested  the  func- 
tioning of  the  accessory  or  short-wavelength  chlorophyll  system, 
while  the  action  spectrum  for  the  regeneration  of  the  O2  spike  by 
light  had  a  peak  near  700  mu  which  indicated  the  participation  of 
the  long-wavelength  chlorophyll  system, 

INTRODUCTION 

Until  the  discovery  by  Emerson^^^  of  what  has  become  known  as 
the  enhancement  effect  of  photosynthesis  the  so-called  accessory 
pigments  were  considered  to  function  only  insofar  as  they  were 
able  to  pass  along  their  absorbed  light  energy  to  chlorophyll  a. 

Red  algae  presented  an  apparent  exception  since  Haxo  and  Blinks 
(2)  found  that  photosynthesis  was  efficiently  sensitized  by  phyco- 
bilin-absorbed  light.   However,  absorption  of  light  by  chlorophyll 
^  itself  resulted  in  only  feeble  O2  production.   Since  fluorores- 
cence  studies  by  Duysens(3)  and  French  and  Young' ^^  indicated  that 
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chlorophyll  a  was  the  ultimate  acceptor  of  phycobilin-absorbed 
light,  the  idea  arose  that  a  certain  fraction  of  red  algal  chloro- 
phyll a  must  be  photosynthetically  inactive.   In  a  study  of  inac- 
tivity of  chlorophyll  in  the  far  red  (the  so-called  far-red  de- 
cline) Emerson  and  co-workers '^»°)  found  that  lowered  temperatures 
extended  the  efficiency  of  photosynthesis  to  longer  wavelengths, 
both  in  Chlorella  and  in  the  red  alga  Porphvridium  cruentum. 

ACTION  SPECTRA  FOR  PHOTOSYNTHESIS  OF  RED  ALGAE 
AT  LOW  TEMPERATURES 

Since  the  action  spectra  determined  by  Haxo  and  Blinks ^^^  for 
red  algae  were  done  at  room  temperature  it  was  suggested  that  sim- 
ilar measurements  at  lower  temperatures  might  reveal  a  more  active 
chlorophyll.  Action  spectra  given  in  figure  1  for  red  algae  meas- 
ured at  1°  and  5°  and  again  at  20  and  27°  C  were  almost  identical 
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Fig.    1,     Action  spectra  for  O2  evolution  in  red  algae 
determined  at   different   temperatures.      Fork^^^. 
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in  shape  and  indicate  that  a  temperature  effect  alone  is  not  re- 
sponsible for  the  low  photosjmthetic  activity  of  these  algae  in 
red  and  blue  light, 

THE  EMERSON  ENHANCEMENT  EFFECT  IN  RED,  BROWN.  AND  GREEN  ALGAE 

Emerson  and  co-workers ^^'  observed  that  the  quantum  yield  of 
Chlorella  could  be  improved  in  longer  wavelengths  if  supplementary 
light  was  provided  during  the  measurements.   Upon  closer  examina- 
tion of  the  wavelength  dependence  of  this  enhancement  effect, 
Emerson'^'  showed  in  Chlorella  that  supplementary  light  most  ef- 
fectively absorbed  by  chlorophyll  b  brought  about  the  greatest  in- 
crease in  yield  from  a  band  of  far-red  light.   In  Porphvridium  the 
most  effective  supplementary  light  was  that  absorbed  by  phyco- 
bilins. 

The  Emerson  enhancement  effect  with  background  illumination  of 
appropriate  wavelength  can  be  seen  clearly  in  the  action  spectra 
for  O2  production  of  the  red  alga  Porphvra  perforata  (figure  2), 
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Fig,  2,   (left)  Action  spectra  for  O2  production  in  Por- 
phvra perforata  determined  at  20,5°C  with  and  without 
supplementary  green  (546  mja)  background  light. 

(right)  Enhancement  spectra  for  P,  perforata 
obtained  with  green  (546  mi)   backgrovmd  and  blue  (436  mp) 
background  light,   Fork^^\ 


The  action  spectrum  determined  without  background  illumination  is 
similar  to  that  reported  by  Haxo  and  Blinks  for  this  species ^^', 
The  action  spectrum  determined  in  background  light  of  546  mp 
(strongly  absorbed  by  phycobilins)  no  longer  shows  the  "inactive" 
chlorophyll  so  typical  in  action  spectra  of  red  algae.  Green 
background  light  sustains  enhanced  photosynthesis  in  both  red  and 
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X8) 


the  blue  regions  of  chlorophyll  a  absorption.   Blinks^"''  has  also 
observed  enhancement  with  combined  blue  and  green  wavelengths. 
Enhancement,  expressed  as  the  ratio  of  the  photosynthetic  respKjnse 
obtained  when  two  beams  are  presented  simultaneously  divided  by 
the  sum  of  their  separate  responses,  is  also  given  in  figure  2  for 
Porphvra  in  green  and  blue  background  light.   Crvptopleura  crista, 
another  intertidal  red  alga,  showed  a  response  (figure  3)  similar 
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Fig.  3.   Action  spectra  for  O2  production  in  Crvpto- 
pleura crispa  (15.5°C)  with  and  without  green  (546  mp) 
background  light.   Fork('\ 

to  Porphvra  when  action  spectra  were  determined  without  and  with 
green  supplementary  illumination  absorbed  by  phycobilins.   Drou- 
etia  rotata^  a  red  alga  growing  exclusively  in  deep  water  where 
red  wavelengths  are  largely  filtered  out,  was  obtained  at  a  depth 
of  37  m.   The  thallus  of  this  plant  is  too  thick  for  ideal  use 
with  polarographic  techniques;  nevertheless,  it  showed  improved 
chlorophyll  activity  when  simultaneous  phycobilin  and  chlorophyll 
excitation  was  provided  (figure  4). 

These  action  spectra  for  red  algae  demonstrate  that  the  funda- 
mental basis  for  the  enhancement  effect  is  not  the  pairing  of  low 
energy  quanta  absorbed  by  chlorophyll  a  with  higher  energy  quanta 
absorbed  by  accessory  pigments  (or  chlorophyll  a  itself),  but 
rather  the  requirement  for  dual  excitation  of  accessory  pigments 
and  chlorophyll  a  for  efficient  photosynthesis.   Red  and  blue  ab- 
sorption by  these  algae  is  similar  in  that  chlorophyll  a  excita- 
tion is  effected  without  appreciable  phycobilin  excitation.   The 
"inactive"  chlorophyll  of  red  algae  could  better  be  termed  "unen- 
hanced"  chlorophyll. 


Enhancement  spectra  for  a  green  and  a  brown  marine  alga,  Ulva 
and  Endarachne  respectively,  are  given  in  figure  5,   Ulva  showed 
peaks  of  effectiveness  around  485  and  645  mp  corresponding  most 
closely  to  the  absorption  by  chlorophyll  b,  while  Endarachne 
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showed  peaks  at  470  (chlorophyll  c)   and  at  540  inp  (fucoxanthin) 
and  minor  peaks  at  610  and  660  mp. 
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Fig.  4,  Action  spectra  for  O2  production  in  Drouetia 
rotata  (10°C)  with  and  without  green  (546  mn)  backgrovind 
light.   Fork(7). 
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Fig.  5.   Action  spectra  for  enhancement  in  Ulva  and 
Endarachne  binghamiae  with  a  background  light  of  wave- 
lengths longer  than  680  mp.   Fork('^. 

EVIDENCE  FOR  TWO  LIGHT  REACTIONS  IN  CHLOROPLASTS 


If  a  two-pigment  mechanism  functions  in  photosynthesis,  one 
would  expect  to  be  able  to  observe  the  enhancement  effect  in 
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chloroplast  preparations.   The  effect  can  usually  be  detected 
without  undue  difficulty  in  intact  cells;  however,  it  has  various- 
ly been  reported  to  be  present^^)  or  absent^^^)  in  chloroplast 
preparations.   Govindjee  (this  symposium)  has  outlined  possible 
explanations  for  failure  to  observe  enhancement  in  chloroplasts. 

Evidence  for  the  operation  of  two  light  reactions  in  chloro- 
plasts has  come  from  studies  on  absorption  changes ^^^^.  biochemi- 
cal studiesd2,13)  and  measurements  of  enhancement^^* ^^\ 

The  participation  of  two  light  reactions  in  the  evolution  of  O2 
by  chloroplasts  can  be  seen  clearly  in  chloroplasts  maintained  in 
buffered  sucrose  or  NaCl  solutions.  While  such  a  system  may  be 
considered  undefined,  it  may  also  be  considered  unchanged  by  the 
addition  of  substances  known  to  exert  a  profound  effect  on  the 
photosynthetic  reactions  of  chloroplasts.   Considerable  insight 
into  the  photosynthetic  mechanism  may  be  gained  from  a  study  of 
chloroplasts  lacking  an  added  Hill  oxidant  since  their  limited 
capacity  for  O2  evolution  can  be  increased  by  pre-illumination  or 
by  a  period  of  darkness. 

Figure  6  shows  time  courses  for  O2  evolution  upon  illumination 
of  chloroplasts  in  the  absence  of  an  added  Hill  oxidant  under  an- 
aerobic conditions.   The  time-course  curve  for  O2  production  shows 
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Fig.  6.   Time-course  curves  of  O2  evolution  upon  expo- 
sure of  whole  Swiss  chard  chloroplasts  to  647  mp  light 
(1500  ergs  cm-2sec-l).   The  chloroplasts,  held  on  a  Tef- 
lon-covered Pt  electrode  with  dialysis  membrane,  were 
equilibrated  with  0.4  M  Sucrose,  0.05  M  K2HPO4  -  KH2PO4 
buffer,  pH  7,0,  and  0.01  M  NaCl.   Gas  phase,  N2. 
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an  initial  burst  or  spike  which  is  followed  by  a  rapid  decrease  to 
a  much  lower  steady-state  O2  evolution  in  the  light.   Exposing  the 
chloroplasts  with  the  same  light  again  3  minutes  later  results  in 
a  smaller  O2  spike  than  before.  Aerobic  chloroplasts  also  show 
the  02-production  spike  but  net  O2  uptake  is  usually  seen  in  the 
steady  state.  An  Oo  gulp  is  also  seen  upon  darkening.   The  02- 
production  spike  is  also  lower  in  the  second  aerobic  exposure  (15). 
The  decrease  of  the  02-production  spike  in  chloroplasts  without 
added  Hill  oxidants  is  not  due  to  a  gradual  deterioration  of  the 
chloroplasts  since  a  dark  interval  serves  to  regenerate  the  O2 
spike  again,   de  Kouchkovsky^l^)  ^as  shown  that  the  recovery  of 
the  O2  spike  is  more  rapid  in  air  than  under  N2. 

An  even  more  rapid  recovery  of  the  Oo-production  spike  is 
brought  about  by  pre-illuminating  the  chloroplasts  with  far-red 
light.  All  the  O2  spikes  shown  in  figure  7  were  produced  by  the 
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Fig.  7.   02-production  spikes  produced  by  Swiss  chard 
chloroplasts  upon  exposure  to  white  light  (5.2  x  10^  ergs 
cm-2  sec-1)  filtered  through  3  cm  water  and  a  Baltzers 
heat-reflecting  filter  (Calf lex).   The  intensity  of  the 
700  m^i  light  was  80  ergs  cm"^  sec"^,   Chloroplasts  equi- 
librated with  the  solution  described  in  figure  7.  Gas 
phase,  N2. 

same  1.3-second  white  light  exposure.   In  the  first  3-minute  in- 
terval between  white  flashes  the  chloroplasts  were  illuminated 
with  weak  (80  ergs  cm-2  sec"l)  700  mia  light  for  2.6  minutes.  No 
detectable  O2  exchange  resulted  from  this  700  mu  exposure.   How- 
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ever,  when  the  1,3-second  white  exposure  was  given  again  the  O2 
spike  had  increased  2,77  times,  A  3-minute  dark  interval,  substi- 
tuted for  the  700  mp  exposure,  increased  the  O2  spike  1,49  times, 

Butler(17)  reported  an  opposing  effect  of  650  and  705  my  light 
on  the  yield  of  chlorophyll  fluorescence  in  a  bean  leaf.   The  con- 
stant fluorescence  excited  by  a  very  weak  650  my  light  was  greatly 
increased  by  a  5-second  exposure  to  a  much  brighter  650  mp  light. 
After  this  treatment  the  weak  light  excited  a  continued  high  fluo- 
rescence which  could  be  lowered  to  its  former  level  by  an  exposure 
to  705  mii  light.   If  fluorescence  can  be  equated  to  light  energy 
which  is  wasted  by  the  photochemical  apparatus,  then  a  parallel 
can  be  drawn  between  Butler's  observations  and  the  observations 
made  on  chloroplasts.   Light  at  650  mp  excites  largely  chlorophyll 
b  and  chlorophyll  a  670.  At  low  intensities  this  light  can,  be- 
cause of  overlap  with  the  long-wavelength  chlorophyll  (the  chloro- 
phyll driving  light  reaction  1  of  Muller,  et  al.^1),  sustain  a  low 
level  of  photosynthesis  with  little  loss  (low  fluorescence), 
Chloroplasts  without  a  Hill  oxidant  show  a  small  amount  of  O2  evo- 
lution in  weak  650  my  light,   A  5-second  exposure  to  bright  650  my 
light  causes  an  accumulation  of  the  product  of  the  accessory  pig- 
ment reaction  (resulting  in  high  fluorescence)  since  little  energy 
can  be  absorbed  by  long-wavelength  chlorophyll  to  drive  the  oxida- 
tion of  the  reduced  accessory-pigment  product  (Mijller,  Weikard  and 
Witt'sl8,19'  reduced  plastoquinone-complex  causing  increased  ab- 
sorption at  515  mn).   Bright  650  mu-   light  gives  a  transient  O2- 
production  spike  which  cannot  be  sustained  for  the  same  reason 
that  the  reduced  product  accumulates.   A  700  mp  exposure  which  ex- 
cites long -wavelength  chlorophyll  regenerates  the  oxidized  plasto- 
quinone-complex needed  to  produce  another  O2  spike  and  allows  weak 
650  mn  light  to  be  used  more  effectively  (decreased  fluorescence), 
A  dark  interval,  shorter  in  air  than  N2,  regenerates  material 
needed  to  produce  another  O2  spike,   Butler  likewise  found  the  in- 
creased fluorescence  excited  with  bright  650  mn  light  persisted 
longer  in  N2  than  in  air. 

Butler(20)  has  observed  a  shift  to  shorter  wavelengths  in  the 
peak  position  of  the  action  spectrum  for  the  inhibition  by  far  red 
of  the  fluorescence  produced  upon  exposing  a  leaf  to  bright  650  mi-i 
light.   The  peak  of  this  action  spectrum  was  shifted  to  shorter 
wavelengths  when  lower  intensities  of  far-red  light  were  used,  A 
variation  in  the  peak  position  from  about  750  to  705  mp  occurred, 

A  similar  effect  of  intensity  was  found  in  the  action  spectrum 
for  the  regeneration  of  the  O2  spike  by  far-red  light.  The  action 
spectrum  for  the  light-induced  recovery  of  the  O2  spike  was  re- 
ported(15)  to  have  a  peak  at  730  mp.   This  action  spectrum  was  de- 
termined with  an  intensity  of  437  ergs  cm"2  sec"^  at  700  mp.   When 
this  action  spectrum  was  determined  with  low  intensities 
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(54  ergs  cm"^  sec"^  at  700  tnn)  the  peak  occurred  near  700  np 
(figure  8).  This  shift  of  the  peak  position  in  the  action  spec- 
trum for  light  regeneration  of  the  O2  spike  may  be  due  to  compe- 
tition between  opposing  reactions--a  promoting  reaction  driven  by 
far-red  light  and  a  depleting  reaction  resulting  in  O2  evolution. 
With  higher  intensity  far-red  light  some  O2  evolution  would  occur 
as  a  result  of  absorption  by  the  tails  of  the  absorption  bands  of 
the  short -wave length  chlorophylls  which  extend  to  the  near  infra 
red. 

The  action  spectrum  for  the  02-production  spike  in  figure  8, 
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Fig.  8,   Action  spectra  (equal  incident  quanta)  for  the 
Oo -production  spike  in  background  700  mp  light  and  for 
the  regeneration  of  the  O2  spike  by  light.   Swiss  chard 
chloroplasts  equilibrated  without  Hill  oxidants  in  the 
solution  given  in  figure  6.   Gas  phase,  N2.   The  action 
spectrum  for  the  regeneration  of  the  spike  is  plotted 
above  the  level  of  the  dark  recovery.   For  this  action 
spectrum  the  quantum  flux  at  700  m^  was  54  ergs  cm"^  sec"l, 
The  same  intensity  700  mp  background  light  was  used  for 
the  action  spectrum  of  the  O2  spike,  while  the  energy  of 
the  669  mp  beam  was  475  ergs  cm-2  sec-^. 
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determined  with  weak  700  nip  background  light,  has  a  peak  at  669  mp 
and  a  far-red  limit  near  713  mn.   This  action  spectrum  shows  that 
the  production  of  O2  by  chloroplasts  illuminated  with  700  mu  light 
is  most  effectively  mediated  by  absorption  by  short-wavelength 
chlorophylls  such  as  chlorophyll  a  670  and  chlorophyll  b. 

The  action  spectrum  for  the  regeneration  of  the  O2  spike  had  a 
small  hump  at  660  mp.   The  possibility  that  some  accessory  pig- 
ments also  accompany  the  long -wave length  chlorophyll  needs  further 
investigation, 
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LIGHT-INDUCED     OXYGEN     REACTIONS     IN     ISOLATED     CHLOROPLASTS 
Yaroslav  de  Kouchkovsky    and    Jean-Marie  Briantais 

INTRODUCTION 

Studies  of  the  kinetics  of  chlorophyll  fluorescence  (1)    and  of  oxygen  evolu- 
tion ^2)    in  intact  Chlorella  cells  have  suggested  a  cyclic  mechanism  involving 
three  forms   (A,  B,  C)  of  a  "photocatalyst".      Form  A     would  accumulate  in 
darkness  and  be  converted  into  form  B.      By  a  first  dark  reaction,    B  would  be 
converted  to  C  with  a  concurrent  evolution  of  oxygen.      By  a  second  dark 
reaction,    A     would  be  regenerated  from  C.     If  the  rate  constant  of  the  second 
dark  reaction  is  smaller  than  that  of  the  first,    the  observed  oxygen  evolution 
transients  in  Chlorella  cells  can  be  explained.      Up  to  recently  (^',    similar 
"induction"  had  not  been  found  with  chloroplasts(4).     Now,    however,    our  work 
has   shown  that  oxygen  evolution  in  isolated  chloroplasts  is  probably  also 
based  on  a  cyclic  mechanism  similar  to  that  suggested  previously.     Moreover, 
our  work  has  also  shown  that  certain  reactions  associated  with  oxygen  evolu- 
tion by  chloroplasts  occur  as  well  in  the  absence  as  in  the  presence  of  Hill 
reagents . 

On  the  other  hand,    measurements  of  photosynthetic  oxygen  evolution  are 
sometimes  uncertain  because  of  the  possibility  of  an  influence  of  light  on 
respiration.     For  exannple,    a  measurement  of  quantum  yield  of  photosynthes- 
is may  be  in  error  if  respiration,    or  other  reactions  of  oxygen,    have  rates 
dependent  on  illumination. 

These  problems  have  led  us  to  study  the  mechanism  of  photosynthetic 
reactions  of  isolated  chloroplasts  and  to  compare  our  findings  with  those  for 
whole  cells. 

MATERIALS  AND  METHODS 

Chloroplasts  were  isolated  from  Zea  Mays.      The  methods  of  culture  of 
the  corn  and  of  the  isolation  of  chloroplasts  are  given  elsewhere  (5). 

Hydrogen  peroxide  was  detected  colorimetrically  using  its  reaction  with 
titanium  sulfate  in  strongly  acid  solution.      Concentrations  of  H2O2    as  small 
as  5  mumoles/ml  could  be  measured  (-> ). 

Photosynthetic  activity  was  determined  by  following  the  oxygen  concentra- 
tion in  an  illuminated  suspension.      The  oxygen  concentration  was  measured 
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with  a  platinum  electrode  covered  by  a  polyethylene  membrane  '^K     A  concen- 
tration change  of  ±  10"^  M  O2  in  -^  2  sec     could  be  measured. 

Experiments  were  usually  performed  with  saturating  white  light,    at  15°C, 
and  with  suspensions  equilibrated  with  air. 

Abbreviations 

DPIP  :  2,6  dichlorophenol  indophenol;  CMU  :  3-(p-chlorophenyl)  -  1, 
1-dimethylurea;    FeCy  :  potassium  ferricyanide;    TMS  :  trismaleate  buffer 
0,  1  M  +  sucrose  0.4  M. 


RESULTS 


Chloroplasts  Without  Hill  Reagents 


ou/oeoniommaHon 


Fig.    1.      Photographic  reproduction  of  a  recording  of  oxygen  con- 
centration changes  with  isolated  chloroplasts  in  the  absence  of 
Hill  reagents. 

Chloroplasts:    300  ug  chlorophyll /ml  in  TMS  pH  6.  6  . 
I  :  light  on;    +    :  light  off.  "Autoconsommation"  :  negative 

current,    measured  replacing  chloroplasts  by  buffer,      a,   b,  c  , 
and  d  :  see  text. 


Results  of  a  typical  experiment  with  chloroplasts  in  the  absence  of  Hill 
reagents  are  shown  in  Fig.    1.  In  darkness,    there  is  a  very  slow  endogenous 
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uptake  of  oxygen  (a-b),    which  we  call  "endoabsorption",    because  it  differs 
from  typical  respiration  V"'.     When  illumination  begins,    a  "burst"  of  oxygen 
(b-c)  appears,    similar  to  bursts   observed  with  Chlorella  cells  ^    '.      The  burst 
is  followed  by  a  long-lasting,  light-induced  oxygen  absorption  (c-d)  or  "photo- 
absorption.  "    On  turning  off  the  light,    the  rate  of  oxygen  uptake  abruptly  in- 
creases (d);     this  increase  in  rate  we  refer  to  as  "extra- absorption".     There- 
after,   the  rate  gradually  declines,    finally  approaching  asymptotically  a  con- 
stant value,    corresponding  to  the  rate  of  endoabsorption.     When,    after  a  dark 
period,    illumination  is  repeated,    a  new,    but  smaller,    burst  appears.      The 
amplitude  of  this   second  burst  increases   ("regeneration")  with  the  length  of 
the  preceding  dark  period  and  may  finally  attain  the  amplitude  of  the  first 
burst.     These  observations  are  similar  to  those  of  Fork'*'. 

These  results,    along  with  others   to  be  described  below,    appear  to  be  con- 
sistent v/ith  a  modified  cyclic  mechanism: 

4  XHOHY     i^l— >        4  XH  +  4  YOH  (I) 

kl 
4  YOH     ->■        O2  +  2H2O  +  4Y  (II) 

kz 
4  XH  +  2  O2 >        2  H2O2  +  4  X  (III) 

4  X  +  4  Y  +  4HOH      --->■        4  XHOHY.  (IV) 

The  mechanism  supposes  that  there  exists  a  limited  amount  of  a  complex 
(XHOHY)  which  disappears  in  light, giving  an  oxidant  (YOH)  and  a  reductant 
(XH).      The  oxidant  would  decay,    giving  O2  and  the   "carrier"  Y.      The  reduc- 
tant would  reduce  molecular  oxygen,    giving  hydrogen  peroxide  and  generate 
the  "carrier"  X.     Finally,    X  and  Y  would  react  with  water  regenerating  the 
original  complex.      These  different  reactions  have  different  rate  constants 
(k*,  kl,    k2  and  k3)  and  indicate  that  the  sums  of  the  different  states  of  X  and 
Y  are  constant    and  equal. 

The  present  mechanism  appears   to  be  able  to  explain  all  the  features 
observed  in  Fig.    1.      First,    the  Mehler  reaction'"  J  -    equation  III    -    along 
with  the  low  activity  of  catalase  in  chloroplasts  ^^'  "'  would  explain  the  steady- 
state,    net,    consunnption  of  oxygen  in  the  light  (hydrogen  peroxide,    the  product 
of  the  Mehler  reaction,    was  demonstrably  formed  in  our  experiments). 
Secondly,    the  transient  net  evolution  of  oxygen  in  the  first  seconds  of  illumi- 
nation,   and  the  later  net  consumption  of  oxygen,    are  readily  explained  if  one 
supposes  that  reactions   III  and  IV  are  slow  compared  with  reactions   I  and  II. 
Thirdly,    the  comparative  slowness  of  reaction  III  means   that  a  pool  of  XH 
must  be  maintained  in  light;     it  is  the  continuing  oxidation  of  this  pool  which 
appears  as  extra-absorption  (because  at  the  end  of  illumination,    reactions   I 
and  II,    and  hence  oxygen  evolution,    stop).     As  the  pool  of  XH  is  depleted  dur- 
ing darkness,    the  oxygen  consumption  returns  to  that  characteristic  of  endo- 
absorption.     Fourthly,    the  gradual  regeneration  in  darkness  of  a  capacity  to 
show  a  burst  of  oxygen  in  subsequent  illumination  would  reflect  the  slow 
nature  of  reaction  IV. 
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v///////////////^w////w//77r 


Fig.    2.       Schematic  representation  of  typical  curves  obtainedwith 
the   "oxygen  membrane  electrode"  (chloroplasts  without  Hill 
reagent). 

:    light;    //////   :    dark.       Abscissa  :  time; 

ordinate   :  oxygen  concentration.     See  text  for  explanation  of  symbols  . 


A  number  of  parameters  defined  in  Fig.    2  serve  to  describe  our  experi- 
mental curves.      The  following  parameters,    or  functions  thereof,    were  useful 
in  further  analysis  of  our  findings: 

A/tA  =  rate  of  the  endoabsorption; 

B/tg  =  initial  rate  of  the  burst; 

C/tQ  =  steady-state  rate  of  the  photoabsorption; 

D  =  amount  of  oxygen  evolved  during  the  burst,    as  sunning  photo- 

absorption  starts  only  after  the  end  of  the  burst; 

E  =  annount  of  oxygen  evolved  during  the  burst,    assuming  photo- 

absorption  starts  with  the  beginning  of  illumination  (although  this 
assumption  may  not  be  strictly  correct,    E  is  a  better  measure 
than  is  D;    E  was  hence  used   for  the  quantitative  estimations); 

F/tp  =  initial  rate  of  the  extra-absorption,    calculated  w^ith  the  endo- 
absorption as   reference; 

G/tQ  =  initial  rate  of  the  extra-absorption,    calculated  with  the  photo- 
absorption  as   reference. 

According  to  Mehler  and  Brown'       ',    both  evolution  and  consumption  of 
oxygen  occur  during  photoabsorption.      Then  F/tp  will   measure  the  rate  of 
oxygen  uptake  and  G/tQ  the  rate  of  oxygen  evolution  in  the  steady-state. 
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B'/tgi,    D'  and  E'  are  concerned  with  the  second  burst.      The  regeneration 
of  the  initial  complex  XHOHY  (reaction  IV)  can  then  be  evaluated  as  the  ratio 
of,    for  instance,    B'/tgt  to  B/tg.     When  the  value  of  this  ratio  was  plotted  as 
a  function  of  the  dark  period  between  illuminations,    a  curve  was  obtained  indi- 
cating that  reaction  IV  is  second  order  '^'.      This  is  consistent  with  a  reaction 
between  two  components  (i.  e.  ,    X  and  Y). 

For  the  purpose  of  determining  the  kinetics  of  reaction  II,  the  logarithra  of 
the  amount  (p)  of  the  oxygen  precursor  was  plotted  as  a  function  of  time. 
However,  the  first  order  rate  constant  previously  reported  '    '    is  certainly 
too  small,  because  of  the  time  response  of  our  apparatus. 

The  rate  of    reaction  III  was  analyzed  by  plotting  the  logarithm  of  the  amount 
(q)  of  reducing  power  as  a  function  of  time.     This  reaction  appeared  to  be 
first  order,    with  a  rate  constant  of '^  1.7'  10""^  sec"  ^ , 

This  reaction  is  probably  bimolecular,    but  gives  a  first  order  kind  due  to  the 
relatively  high  concentration  of  O2  in  aerobic  conditions  .Then,  ki»k2- 

Several  of  our  observations  indicate  that,    in  addition  to  the  Mehler  reaction 
there  was  another  mechanism  of  light-dependent  oxygen  uptake.     Firstly, 
CMU  and  ortho-phenanthroline,    which  are  known  to  inhibit  photosynthetic 
reactions,    suppressed  the  oxygen  burst,    but  did  not  entirely  suppress  all 
oxygen  uptake  in  the  light  steady- state.     Secondly,    we  found  that  net  absorp- 
tion of  1  mole  O2  was  accompanied  by  the  formation  of  only   1.  5  mole  H2O2. 
instead  of  the  two  moles  anticipated  in  the  Mehler  reaction.      Thirdly,    when 
we  plotted  the  rate  of  photoabsorption  as  a  function  of  illumination,    the  result- 
ing curve  had  a  sharp  break  indicating  two  contributing  reactions  (in  contrast, 
the  illumination  curve  for  the  burst  was  a  smooth  curve  rising  to  saturation). 
These  findings  are  most  simply  explained  assuming  that  a  '  'photo  -  oxidation ' ', 
as  well  as  the  Mehler  reaction,    contributes  to  oxygen  uptake  in  the  light  ^^'. 
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Fig.    3.    pH  effect  on  burst,    photoabsorption  and  extra-absorption. 
Chloroplasts    :    300     u  g  chlorophyll /ml  in  TMS.     At  left    :   initial 
rate  of  the  burst  (B/tg,    Fig.    2).     At  right    :    -•-  =  steady-state 
rate  of  the  photoabsorption  (C/tc.    Fig.    2);     -o-    =  steady-state 
rate  of  oxygen  evolution  (G/tQ,    Fig.    2);     -x-    =   steady-state  rate 
of  oxygen  uptake     (F/tF.     Fig.    2). 
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The  existence  of  the  different  postulated  reactions  was  supported  also  by 
their  different  sensitivity  to  pH  and  temperature.      The  pH  dependence  of  the 
initial  rate  of  oxygen  evolution  during  the  burst,    and  the  pH  dependence  of  the 
steady-state  rates  of  oxygen  evolution  and  uptake  during  photoabsorption  are 
shown  in  Fig.    3.      The  optimum  for  the  burst  is  at  pH'^6,    while  that  for  oxy- 
gen uptake  is  at  pH/^  8,    similar  to  that  for  photophosphorylation  ( ^  1>  12)^     xhe 
difference  in  maxima  between  the  burst  and  the  steady-state  oxygen  evolution 
rests  on  the  linaitation  of  the  total  rate  by  the  slowest  reaction.      Measure- 
ments as  a  f\inction  of  temperature  permitted  a  similar  discrimination  of  the 
reactions  '-^ '. 

Chloroplasts  with  Hill  Reagents 

It  was   of  interest  to  try  to  detect  an  induction  in  the  Hill  reaction,    although 
tlis  has  not  been  found  previously  ^^'.      Fig.    4    shows  that,    with  ferricyanide, 
one  can  see  a  transient  phenomenon  very  similar  to  the  oxygen  burst  des- 
cribed above.      But  here,    of  course,    the  burst  is  followed  by  continuous 
oxygen  evolution.      On  the  other  hand,    with  DPIP  the  steady-state  is  reached 
immediately,    i.e.,    without  an  induction  period. 

Thus,    different  kinetics  prevail  in  the  Hill  reaction  with  different  oxidants. 
One  can  suppose  that  the  difference  in  kinetics  could  depend  on  the  occurence 
of  only  the  photoreaction  of  "system  2"  in  the  case  of  DPIP,    and  of  both  photo- 
reactions   ("systems    1  and  2")  in  the  case  of  ferricyanide  (cf.    7,    13). 

wm/mmm  WMM 


FtCy  DPIP 


Fig.    4.    Oxygen  concentration  as  a  function  of  time  in  Hill  reac- 
tions  with  FeCy  (lO'^^M)  and  DPIP  (5x  10"^    M). 

Chloroplasts:    315   u  g  chlorophyll/ml  in  TMS  pH6.  6. 
T  :   light  on. 

(9) 
If  one  continues  to  observe  the  Hill  reaction,    with  ferricyanide      '  or  with 

DPIp'       ',    one  can  note  that,    progressively,    the  rate  of  oxygen  evolution 

decreases  and  finally  attains  a  zero  value.     Afterwards,    oxygen  uptake  occurs 

similarly  to  the  photoabsorption  already  described  in  chloroplasts  without 

Hill  reagent.    In  Fig.    5,    changes  in  oxygen  concentration  with  and  without 
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ferricyanide  are  shown.       As  the  slopes  of  the  curves  during  photoabsorptions 
indicate,    light-induced  uptake  is  lower  when  ferricyanide  is  present  (Ch-^C, 
Fig.    5).      This  may  be  explained  by  the  existence  of  an  equilibrium  between 
the  photo  reduction  of  ferricyanide  and  the  reoxidation  of  ferrocyanide.     When 
the  light  is  turned  off,    an  extra-absorption  appears  vih  ich  has  a  first  order 
rate  constant  very  close  to  that  obtained  without  oxidant^"'.     Analysis  of  the 
curves,    in  the  manner  already  described,    made  it  possible  to  distinguish  a 
steady-state  oxygen  evolution  (measured  by  Gj^/t,    cf.    Fig.    2)  and  a  steady- 
state  oxygen  absorption  (measured  by  Fj^/t,    cf.    Fig.    2).      The  origin  of  this 
oxygen  absorption  could  be  tentatively  assigned  to  a  Mehler  reaction,    which 
would  compete  with  the  Hill  reaction.     It  is  interesting  to  note  that,    as  in 
chloroplasts  without  ferricyanide,    hydrogen  peroxide  was  detected  and  the 
ratio  H2O2/O2    was  close  to   1.5  (9).      This  suggests  again  the  occurence  of  a 
supplementary  photo -oxidation. 


^^^^^ 


V/////////////////////A 


LIGHT 


DARK 


Fig.    5.     Oxygen  concentration  changes  in  chloroplast  suspensions 
with  (I)  and  without  (II)  Hill  reagent  (FeCy  :  IQ-^M). 

Chloroplasts  :    315    a  g  chlorophyll/ml  in  TMS  pH  6.  6  ; 
-— -—  :  light    ;     /,,,,/  :  dark    ;     C,    Cr.    E,    F^.    G^  :  see  text. 
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That  a  Mehler  reaction  can  occur  during  the  Hill  reaction  appears  also 
from  the  following  results.     It  was  found  that  the  decrease  in  the  rate  of  oxy- 
gen evolution  during  the  photoreduction  of  ferricyanide  is  accompanied  by  an 
increase  in  the  rate  of  oxygen  uptake  (measured  by  the  extra-absorption,    as 
described  above).      This  is  partially  shown  in  Fig.    5  by  some  segments  of 
curves.     Moreover,    it  was  possible  to  distinguish  two  components  in  the  value 
of  the  steady-state  rate  of  oxygen  evolution  (Gyi/t).     If  one  assumes  that,    in 
the  Mehler  reaction,    there  is  twice  as  much  oxygen  absorbed  as  oxygen 
evolved,    then  it  is  possible  to  subtract  from  the  value  of  Gpj/t  (corrected  for 
photo-oxidation)  half  of  F^/t,    which  represents  the  rate  (Vj^)  of  oxygen  evolu- 
tion by  way  of  the  Mehler  reaction.      The  difference  resulting  from  this   sub- 
traction will  correspond  to  the  rate  (Vj^)  of  oxygen  evolution  by  way  of  the  Hill 
reaction.     On  plotting  the  values  of  Vy[  as  a  function  of  V-^,    a  straight  line 
was  obtained'''. 

4  XHOHY    ^>-        4XH  +  O2  +  2H2O  +  4  Y  (V  =  I+II) 

4XH  +  4FeCy     >         4  FeCy  red.    +4X  (VI) 

^M 
4  XH  +  2O2     -^        2  H2O2  +  4X  (VII  -  m) 

Let  us  assume  that  the  total  amount  (a)  of  the  complex  XHOHY  +  the  reduc- 
tant  XH  is  constant.      In  our  experiments,    ferricyanide  reduction  will  be 
second  order  (Vh  =  ^n    (XH)     [FeC^    ),    and  the  Mehler  reaction  will  be  first 
order  (Vj^  =  k^    [XH]       )•     From  this  mechanism,    one  can  derive  the  follow- 
ing reaction: 

kM  ^M  ^L  ^ 

^M    "    -    kL  +kM      ^H   +  k^  +  k^      , 

giving  the  expected  linear  dependence  of  Vj^  on  Vh-     Moreover,    by  graphical 
analysis,    the  maximum  amount  (a)  of  the    complex  XHOHY  could  be  evaluated; 
the  computed  quantity  was  approximately  the  same  as   that  determined  from 
direct  measurement  of  the  burst  (i.  e.  ,    from  the  parameter  E,    Fig.    5).      The 
numerical  value  of  this  quantity  was    1  mole  oxygen  produced  per   150  to   300 

(5    9) 
moles   chlorophyll    ^    '     '. 


DISCUSSION 

It  was  possible  to  show  that  under  certain  conditions  (in  the  absence  of  Hill 
reagents  and  in  the  presence  of  ferricyanide),    induction  occurs  with  isolated 
chloroplasts.     As  a  result,    the  cyclic  mechanism,    previously  postulated  for 
whole  cell  photosynthesis,    appears  equally  valid  for  at  least  some  chloro- 
plasts reactions  in  vitro.      The  exceptional  case,    i.  e.  ,    the  absence  of  induc- 
tion with  DPIP  (at  the  concentration  employed),  can  be  understood  assuming 
that  with  this  reagent  only  "system  2"  functions  ^^^'.      Photoreduction  of  the 
dye  would  then  be  faster  than  oxygen  evolution. 
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The  existence  of  an  initial  connplex  (the    precursor  of  oxygen)  was  also 
demonstrated  and  its  concentration  estimated.      This  complex  might  contain 
plastoquinone,    since  hexane  extraction  not  only  cancels  the  steady-state  oxy- 
gen evolution  of  the  Hill  reaction,    but  also  the  burst  (although  the  photoabsorp- 
tion    -    or  at  least  that  part  which  is  a  photo-oxidation    -    would  remain  in 
hexane-extracted  chloroplasts  )  ^  ^'*'.      The  oxygen  burst,    being  a  primary 
phenomenon  of  photosynthesis,    the  absence  of  this  burst  in  hexane-extracted 
chloroplasts  is  in  agreement  with  Witt's  hypothesis  that  the  photochemical 
act  of  "system  2"  (linked  to  oxygen  evolution)  consists  in  the  photoreduction 
of  a  plastoquinone  '  J^^). 

It  was  also  shown  that  measurements  of  oxygen  evolved  during  the  Hill 
reaction  have  to  be  corrected  for  the  interfering  Mehler  and  photo-oxidation 
reactions.      Light-induced  oxygen  absorption  was  also  found  with  intact  Chlor- 
ella  cells,    but  its  mechanism  seems  to  be  more  complicated'    '. 

Employing  the  proposed  mechanisms  it  has  been  possible  to  generate  data 
mathematically  similar  to  those  found  in  our  experiments.     Some  curves, 
computed  in  this  way,    are  shown  in  reference  5. 
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STUDIES  WITH  FLASH  ILLUMINATION  ON  THE  ENHANCEMENT  EFFECT  IN 

CHLOROPLASTS 

C.P.  Whittingham  and  P.M.  Bishop 


Emerson  and  Lewis  (1)  were  the  first  to  observe  in  Chlorella 
that  the  quan*-.um  efficiency  of  photosynthesis  in  far-red  light 
was  very  low.   This  was  particularly  surprising  because  whilst 
the  absorption  curve  was  more  or  less  symmetrical  about  the  680 
mp  peak,  the  action  spectrum  was  asymmetrical.  Many  years  later 
Emerson  et  al .  (2)  showed  that  the  efficiency  in  the  far-red 
could  be  increased  if  the  cells  v;ere  simultaneously  illuminated 
with  a  second  shorter  wavelength.   The  action  spectrum  for  the 
increased  rate  of  photosynthesis  resulting  from  a  second  wave- 
length superimposed  on  a  beam  of  light  of  697  mp  showed  two  peaks, 
one  at  650  and  one  at  670  mp.   The  peak  at  650  mp  is  character- 
istic for  absorption  by  chlorophyll  b,  and  Emerson  concluded  that 
the  simultaneous  excitation  of  chlorophyll  b  must  improve  the 
photosynthetic  efficiency  of  the  light  absorbed  in  the  far-red  by 
chlorophyll  a.   It  was  observed  later  that  the  enhancement  effect 
resulted  from  excitation  of  a  second  pigment  throughout  its  spec- 
trum.  For  example,  excitation  in  Chlorella  of  either  the  blue  or 
the  red  absorption  bands  of  chlorophyll  b  was  equally  effective 
for  enhancement.   The  general  conclusion  was  that  it  was  necessary 
to  have  simultaneous  excitation  of  both  chlorophyll  a  and  of  some 
other  pigment  for  efficient  photosynthesis.   In  studies  with  mono- 
chromatic light,  the  relative  inefficiency  of  absorption  by  chlor- 
ophyll a  alone  appears  only  at  the  far-red  end  of  the  spectrum 
because  this  is  the  only  region  in  the  visible  where  chlorophyll 
a  is  the  sole  absorbing  pigment. 

Emerson  made  no  comment  on  the  second  peak  at  670  mp  in  the 
enhancement  action  spectrum  observed  by  him.   A  peak  (Govindjee , 
et  al.  (3))  or  shoulder  (Myers  and  French  (4))  at  670  mp   in  the 
action  spectra  for  the  Emerson  effect  in  Chlorella  was  inter- 
preted by  the  first  mentioned  authors  as  an  indication  of  the  par- 
ticipation in  the  enhancement  effect  of  a  chlorophyll  a  type  with 
a  maximum  absorption  at  670  mp.   Emerson  and  Rabinowitch  (5)  (c.f. 
also  Franck  (6))  proposed  the  following  hypothesis.   Two  photo- 
chemical reactions  occur  in  photosynthesis;  one  of  these  is 
caused  by  non-  or  weakly-  fluorescent  chlorophyll  a,  the  second 
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by  a  fluorescent  chlorophyll  a.   Excitation  of  the  non-fluores- 
cent chlorophyll  a  alone  does  not  lead  to  photosynthesis.   How- 
ever, if  both  chlorophylls  are  excited  simultaneously,  the  two 
reactions  can  cooperate,  and  lead  to  an  enhanced  photosynthesis. 
An  increased  photo synthetic  activity  (enhancement  effect)  due  to 
simultaneous  illumination  by  two  different  wavelengths  has  now 
been  shown  in  a  large  number  of  organisms.   The  so-called  acces- 
sory pigments,  e.g.  chlorophyll  b  in  Chlorella,  and  the  phycobi- 
lins  in  red  and  blue-green  algae,  effect  photosynthesis  by  trans- 
ferring their  excitation  energy  by  resonance  transfer  to  fluor- 
escent chlorophyll  a  but  not  to  the  non-fluorescent  form. 

Myers  and  French  (7)  have  shown  that  the  enhancement  effect 
observed  with  Chlorella  illuminated  with  two  wavelengths  does  not 
require  that  the  two  wavelengths  be  given  simultaneously,  but 
that  these  may  be  given  alternately  in  periods  of  several  seconds 
duration.   This  suggested  the  formation  of  an  intermediate  common 
to  the  two  reactions  with  a  life  of  several  seconds.   Such  a 
mechanism  could  also  be  used  to  explain  the  observations  of  l-Jhit- 
tingham  and  Brown  (8),  which  extended  those  made  earlier  by  Allen 
and  Franck  (9).   They  observed,  with  Ankistrodesmus ,  that  the 
photosynthetic  yield  of  oxygen  from  a  light  flash  of  35  msec,  dur- 
ation was  increased  if  it  was  preceded  by  a  flash  of  100  psec . 
The  yield  from  the  pair  of  flashes  varied  with  the  interval  sep- 
arating them,  rising  at  20° C  to  a  maximum  when  the  interval  was 
0.7  sec.  and  decreasing  as  the  time  separation  of  the  flashes  was 
increased,  until  after  10  or  15  sec.  little  enhancement  was  ob- 
served.  Further  work  by  Whittingham  and  Bishop  (10)  has  shown 
that  when  the  temperature  was  reduced  to  4° C ,  the  maximal  yield 
for  a  long  flash  preceded  by  a  short  flash  was  of  the  same  order 
of  magnitude  as  the  maximal  yield  of  the  same  two  flashes  at  20° C , 
except  that  the  time  between  the  flashes  for  maximum  yield  was 
now  16  sec . 

At  4°C  it  was  possible  to  investigate  these  flash  effects  with 
chloroplasts  isolated  from  spinach  leaves,  using  different  oxi- 
dant systems.   These  consisted  of:- 

a)  basic  ferricyanide  -  containing,  in  a  total  volume  of  2.3  ml. 
potassium  ferricyanide  2  mp  moles;  Tris-HCl  buffer  at  pH  7.4  40 
pmoles;  sodium  chloride  70  pmoles;  magnesium  chloride  10  pmoles. 

b)  ferricyanide  with  phosphorylating  reagents  -  containing,  in 
addition  to  the  basic  medium,  2  pmoles  ADP  and  40  pmoles  inorgan- 
ic phosphate. 

c)  ferricyanide  with  an  uncoupling  reagent  -  in  which  ammonium 
chloride  was  added  to  the  basic  medium  to  give  a  final  concen- 
tration of  O.OIM. 
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d)  ferricyanide  with  catalytic  amounts  of  TPIP  -  in  which  0.01 
pmoles  of  TPIP  (2: 3-6-trichlorophenol-indophenol)  were  added  to 
the  basic  medium. 

e)  TPIP  -  in  which  the  potassium  ferricyanide  in  the  basic  med- 
ium was  replaced  by  0.1  pmoles  of  TPIP. 

Oxygen  output  from  the  chloroplasts  was  determined  by  a  flow 
system,  using  a  modified  version  (11,  c.f.  also  for  details  of 
materials  and  methods)  of  that  described  by  Whittingham  (12).  The 
method  consists  essentially  of  the  use  of  a  carrier  gas  (oxygen 
free  nitrogen)  to  sweep  continually  through  the  chloroplast  sus- 
pension and  then  over  an  oxygen  measuring  galvanic  cell.   The  out- 
put from  this  cell  was  amplified  and  recorded,  and  the  yield  of 
oxygen  from  the  flash  illuminated  chloroplasts  determined  from  the 
area  under  the  recorded  curve. 

In  experiments  using  white  light,  short  flashes  of  100  psec. 
were  generated  by  condenser  discharge  through  a  xenon  discharge 
tube.   Long  flashes  of  35  msec,  duration  and  of  sufficient  inten- 
sity to  achieve  flash  saturation,  were  produced  from  Photograph- 
ers' flash  bulbs.   For  monochromatic  flashes,  a  flash  bulb  was 
used  in  conjunction  with  an  interference  filter  with  transmission 
either  at  697±7  mp  or  644-  13  mp.   Continuous  background  light 
was  passed  through  a  small  grating  monochromator  with  slit  widths 
adjusted  to  give  a  beam  of  5  mp  band  width.  Over  the  wavelength 
range  used  there  was  a  slight  variation  in  light  intensity  from 
7.4  X  lO"'^  watts/cm2  at  645  mp  to  6.0  x  10"^  watts/cm^  at  700  mp. 

In  the  arrangement  of  an  experiment  using  white  light  flashes, 
a  single  long  flash  was  always  fired  first,  and  then  as  every 
third  illumination  type  thereafter.   The  yield  plotted  against 
time  showed  the  rate  of  decay  of  chloroplast  activity. 

When  assessing  the  effect  of  continuous  supplementary  light, 
the  chloroplasts  were  illuminated  by  a  monochromatic  beam  until 
steady  state  photosynthesis  was  reached,  as  shown  by  the  plateau 
on  the  record  chart.  A  flash  was  then  superimposed  on  this  back- 
ground; the  supplementary  light  was  not  turned  off  until  the 
steady  state  background  level  of  oxygen  production  was  again 
reached.  After  a  dark  interval,  during  which  the  oxygen  was 
flushed  out  of  the  system,  another  monochromatic  background  wave- 
length was  used  for  illumination  and  the  process  was  repeated. 

In  the  third  type  of  experiment,   the  monochromatic  background 
light  was  separated  in  time  from  a  monochromatic  flash.   Here, 
only  two  different  wavelengths  were  used,  a  653  mp  background 
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together  with  a  697  mp  flash,  and  a  700  mp  background  in  conjunc- 
tion with  a  644  mp  flash.   The  yield  from  a  single  flash,  after  a 
long  dark  period,  fired  at  the  beginning  of  the  experiment  and  at 
regular  intervals  during  the  course  of  it,  was  again  used  as  a 
measure  of  the  decline  in  chloroplast  activity. 

Effect  of  a  single  short  flash 

No  oxygen  yield  was  obtained  from  a  single  short  flash  from 
chloroplasts  reducing  TPIP.   Witt  et  al .  (13)  using  a  rapid  spec- 
tropho tome  trie  assay,  showed  that  TPIP  was  reduced  by  chloroplasts 
instantly  within  a  flash  of  10  psec. ;  reduction  was  followed  by 
rapid  partial  re-oxidation  of  the  dye  in  the  dark.   In  order  to 
estimate  the  amount  of  TPIP  reduced  in  a  single  flash,  several 
flashes  had  to  be  given,  and  Witt  calculated  that,  in  a  single 
flash,  two  molecules  of  dye  were  reduced;  this  corresponded  to 
the  evolution  of  one  molecule  of  oxygen  per  12,000  chlorophyll 
molecules.   It  seems  possible,  therefore,  that  the  amount  of  oxy- 
gen liberated  by  a  single  flash  of  100  psec,  originally  very 
small,  is  reduced  by  competing  back  reactions  to  an  amount  which 
is  below  the  limits  of  detection  of  the  measuring  apparatus. 

A  very  small  oxygen  yield  was  obtained  from  a  single  short 
flash  when  catalytic  amounts  of  TPIP  were  present  together  with 
ferricyanide.   Presumably  the  TPIP  reduced  photochemically  by  the 
chloroplasts  in  the  light,  is  reoxidixed  chemically  more  rapidly 
by  the  substrate  amounts  of  ferricyanide  present,  than  by  molec- 
ular oxygen,  so  that  a  measurable  amount  of  oxygen  is  released. 

No  oxygen  yield  was  obtained  from  a  single  short  flash  with 
chloroplasts  and  ferricyanide,  either  on  its  own,  or  with  the 
addition  of  phosphorylating  or  uncoupling  agents.   The  absence  of 
a  fast  re-oxidation  of  the  ferricyanide  reduced  by  chloroplasts 
in  the  light,  has  been  reported  on  several  occasions.   It  seems 
possible,  that  in  the  case  of  ferricyanide  no  oxygen  is  produced 
as  a  result  of  a  single  short  flash. 

The  production  of  oxygen  from  a  single  short  flash  thus  re- 
sults when  chloroplasts  are  reducing  TPIP,  or  ferricyanide  with 
catalytic  amounts  of  TPIP;  this  is  in  contrast  to  the  situation 
occurring  with  ferricyanide  alone  since  then  no  oxygen  yield  from 
a  single  short  flash  is  apparent. 

Pre-excitation  by  a  short  flash  on  the  yield  of  a  following  long 
flash 

Oxygen  was  produced  as  a  result  of  a  single  long  flash  and  a 
brief  flash  was  found  to  increase  the  yield  from  a  long  flash  in 
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all  the  systems  studied.   In  the  case  of  chloroplasts  reducing 
ferricyanide  and  TPIP,  where  oxygen  vjas  produced  from  the  single 
short  flash  itself,  the  yield  from  the  pair  of  flashes  was  con- 
siderably greater  than  the  sum  of  the  yields  from  the  two  flashes 
when  these  were  given  separated  by  a  very  long  dark  interval . 

The  optimum  dark  period  betvjeen  the  two  flashes  at  ii;hich  maxi- 
mum yield  was  obtained  from  the  second  flash,  varied  according  to 
the  oxidant  used,  as  can  be  seen  from  figure  1. 


'i   Iiicifasi 


20 
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Figure  1   Relationship  between  the  combined  yield  of  oxygen  for  a 
short  and  long  flash  as  a  function  of  the  dark  time  separat- 
ing the  two  flashes.   The  yield  is  expressed  as  percentage 
increase  over  the  yield  of  the  long  flash  given  alone. 

O  ferricyanide  with  phosphorylating  reagents 
#  ferricyanide  with  ammonium  chloride 
O  ferricyanide  with  catalytic  amounts  of  TPIP 
X  TPIP 


The  data  obtained  vi7ith  chloroplasts  reducing  ferricyanide 
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shov7s  that,  as  the  dark  period  between  the  two  flashes  is  in- 
creased, the  yield  from  the  long  flash  rises  slowly  to  a  maximum; 
this  occurs  when  the  two  flashes  are  about  10  sec.  apart.   The 
yield  remains  relatively  constant  up  to  15  sec,  separation,  and 
then  declines  gradually.   There  is  still  some  influence  of  the 
first  flash  on  the  second  when  the  two  are  25  sec.  apart.   A  very 
similar  plot  is  obtained  when  ferricyanide  is  reduced  in  the  ab- 
sence of  phosphorylating  reagents. 

As  may  be  observed  from  fig.  1,  the  addition  of  an  uncoupling 
agent  to  a  ferricyanide  system  has  the  effect  of  shortening  the 
dark  time  necessary  between  the  two  flashes  to  obtain  the  maximum 
yield  from  the  second  flash.   The  yield  from  the  long  flash  now 
rises  rapidly  as  the  dark  time  between  the  short  and  the  long 
flash  is  increased;  maximum  yield  is  obtained  when  the  two  are  be- 
tween 1.5  and  2.5  sec.  apart.   With  further  increase  of  the  dark 
time  between  the  flashes,  the  yield  declines  exponentially  to 
about  10  sec.  separation  time;  following  this  there  is  a  further 
slight  rise  with  a  maximum  at  15  sec.  and  then  a  further  decline, 
until  at  20  sec.  there  is  only  a  slight  effect  of  the  first  flash 
on  the  second.   Figure  1  also  shows  that  very  similar  results  are 
obtained  when  catalytic  amounts  of  TPIP  are  added  to  ferricyanide 
and  when  TPIP  alone  is  used  as  an  oxidant.   The  maximum  increase 
in  the  yield  of  the  long  flash  is  obtained  when  the  two  flashes 
are  between  0.5  and  3  sec.  apart;  there  is  a  similar  secondary 
peak  occurring  when  the  two  flashes  are  separated  by  a  dark  inter- 
val of  about  14  sec. 

The  data  presented  above  demonstrate  that  the  time  course  of 
the  flash  effect  varies  according  to  the  nature  of  the  oxidant 
system.   The  results  can  be  separated  into  two  groups  according 
to  whether  the  maximum  yield  is  obtained  when  the  two  flashes  are 
separated  by  a  long  time  interval  -  as  found  with  ferricyanide  in 
the  presence  or  absence  of  phosphorylating  reagent,  or  by  a  short 
one  -  as  occurs  with  TPIP  and  on  the  addition  of  TPIP  or  of  an 
uncoupling  agent  to  the  ferricyanide  system.   The  size  of  the  in- 
crease at  its  maximum  is  largest  in  the  latter  group. 

Monochromatic  flash  illumination  with  monochromatic  continuous 
background  light 

The  results  obtained  from  a  typical  series  of  experiments  with 
chloroplasts  reducing  ferricyanide  in  the  presence  of  phosphory- 
lation cofactors,  are  presented  in  figure  2.  From  the  figure  it 
can  be  seen  that  there  are  two  regions  where  background  light  is 
most  effective  in  enhancing  the  yield  from  the  697  m^i  flash;  one 
extending  from  642  to  660  mp,  has  a  broad  peak  from  646  to  653  mjj; 
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660      670      680      690      700 
Wavelength  of  Background  llgbt  in  1141 

Figure  2  Percentage  increase  in  yield  for  a  monochromatic  flash 
as  a  function  of  the  wavelength  of  the  continuous  background 
light.   The  percentage  is  expressed  as  the  increase  in  yield 
compared  to  a  flash  given  in  darkness.   The  upper  figure  was 
obtained  with  a  697  mp  flash,  the  lower  with  a  644  rap  flash. 

a  second  region  from  671  to  683  m;j  has  a  sharp  peak  at  675  mp. 
Beyond  685  mp,  and  in  the  trough  between  the  two  peaks,  the  addi- 
tion of  background  light  appears  to  have  little  influence  on  the 
yield  of  the  flash. 

The  results  from  the  converse  experiment,  using  a  644  mu 
flash  are  shown  in  figure  2.   Here  also  there  are  two  regions 
where  the  background  light  is  effective  in  enhancing  the  yield 
from  the  flash.   These  extend  from  670  to  678  mp,    with  a  sharp 
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peak  at  675  mp;  and  the  second  from  690  and  beyond  to  about  705 
mp,  with  a  peak  at  700  mp.   There  is  little  or  no  influence  of  the 
background  light  on  the  flash  from  642  to  670  mp,  and  between  680 
and  690  mp. 

The  magnitude  of  the  enhancement  was  found  to  be  slightly 
greater  with  a  697  mp  flash  than  with  a  644  mp  flash.   A  reduction 
in  the  intensity  of  the  background  light  reduced  the  peak  heights 
at  the  enhancing  wavelengths,  but  did  not  alter  their  position: 
this  effect  was  considerably  greater  with  the  697  mp  flash  than 
with  the  644  mp  flash.   It  seems  probable  that  the  use  of  a  higher 
intensity  background  light  would  have  increased  the  absolute  peak 
heights  of  enhancement  obtained  with  a  697  mp  flash. 

When  an  uncoupling  agent  was  added  to  ferricyanide  it  was  still 
possible  to  obtain  an  enhanced  yield  from  both  flashes,  by  the  use 
of  background  light.   The  yield  from  the  697  mp  flash  was  increas- 
ed 707.  with  a  background  of  653  mp,  and  that  of  a  644  mp  flash 
40%  with  the  addition  of  a  700  mp  background. 

With  TPIP  alone,  at  the  concentration  used  in  the  white  light 
flash  work  reported  above,  there  appeared  to  be  no  effect  of  back- 
ground light  on  the  yield  of  either  of  the  flashes.   However,  a 
reduction  in  the  concentration  of  the  dye  from  3  x  10~^M  to  5  x 
lO'^M,  resulted  in  an  increase  in  yield  of  557.  from  a  697  mp  flash 
with  a  653  mp  background;  with  a  675  mp  background  the  effect 
could  not  be  established  as  significant.   No  increase  was  obtained 
with  a  644  mji  flash,  and  when  this  v/as  superimposed  on  a  700  mp 
background,  of  the  same  intensity  as  normally  used,  a  reduction 
in  the  yield  occurred,  compared  to  the  flash  without  background 
light.   This  inhibitory  effect  could  be  eliminated  by  a  reduction 
in  the  intensity  of  the  700  mp  illumination. 

The  data  thus  show  that  it  is  possible  to  enhance  the  oxygen 
yield  from  a  flash  of  light  by  the  addition  of  supplementary  light 
of  certain  wavelengths.   The  extent  of  the  enhancement  obtainable 
depends  on  the  oxidant  the  chloroplasts  are  reducing.   With  ferri- 
cyanide, the  output  from  a  697  and  a  644  mp  flash  can  both  be  in- 
creased; the  marked  dependence  of  the  enhancement  on  the  wave- 
length of  the  background  light  indicates  the  presence  of  different 
forms  of  chlorophyll  with  sharp  absorption  bands.   ;>Jhen  an  un- 
coupling agent  is  added  to  ferricyanide,  it  is  still  possible  to 
enhance  the  yield  from  both  flashes  in  conjunction  with  back- 
ground wavelengths  found  to  be  effective  with  ferricyanide  alone. 
With  TPIP  as  oxidant,  however,  it  is  only  possible  to  enhance  the 
yield  from  the  long  wavelength  flash;  there  is  some  indication 
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that  a  concentration  effect  may  also  be  concerned,  since  it  is  not 
always  possible  to  obtain  enhancement. 

Flash  illumination  following  continuous  background  illumination 

The  data  obtained  from  a 
plasts  reducing  ferricyanide 
sent,  in  which  the  flash  was 
by  a  finite  dark  interval,  i 
on  the  graph  shows  the  resul 
of  653  mp  and  a  flash  of  697 
creases  as  the  time  between 
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Figure  3  Percentage  increase  in  oxygen  yield  per  flash  as  a 

function  of  the  time  interval  betvjeen  the  cessation  of  the 
background  light  and  the  flash.   The  percentage  is  expressed 
as  the  increase  in  yield  compared  to  the  flash  given  in 
darkne  s  s . 

O  Yield  from  697  mp  flash  following  illumination  at  653  mp 
•  Yield  from  644  mp  flash  following  illumination  at  700  mp 
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light  and  the  flash  is  increased  until  maximum  yield  is  obtained 
when  the  two  are  separated  by  8  -  10  sec.   With  further  increase 
of  the  dark  time,  the  yield  falls  off  rapidly  until  there  is  no 
further  influence  of  the  background  light  on  a  flash  given  after 
a  20  sec.  dark  period. 

The  results  of  the  converse  experiments,  with  a  background  light 
of  700  mp  and  a  flash  of  644  mp  are  shown  in  the  same  figure. 
Maximum  yield  from  the  flash  is  obtained  when  a  dark  interval  of 
7-11  sec.  intervenes  between  the  background  light  and  the  flash. 
The  yield  decreases  rapidly  as  the  dark  period  is  increased  be- 
yond 12  sec.   The  size  of  the  increase  in  yield  at  its  maximum  is 
greatest  with  this  combination  of  flash  and  background  light. 

The  data  thus  show  that  a  background  light  which  enhances  the 
yield  of  oxygen  from  a  flash  when  given  simultaneously,  can  be 
separated  in  time  from  the  flash  and  still  produce  enhancement. 
The  time  course  of  this  effect  is  very  similar  whether  the  back- 
ground is  at  700  rap  and  the  flash  is  at  644  mp,  or  the  background 
is  at  653  mp  and  the  flash  at  69  7  mp. 
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SOME  EFFECTS  OF  MONOCHROMATIC  LIGHT  ON  OXYGEN  EVOLUTION  AND 
CARBON  DIOXIDE  FIXATION  IN  CHLORELLA  PYRENOIDOSA 

Max  H,  Hommersand 


One  of  the  problems  that  is  encountered  in  investigations  of 
chromatic  transients  and  enhancement  is  that  closely  related 
species  or  varieties  of  algae  often  differ  in  their  responses  to 
treatment  with  monochromatic  light,  even  when  they  appear  to 
possess  essentially  the  same  pigment  complex.   Recently,  we  have 
investigated  material  of  Chlorella  pyrenoidosa,  Emerson  strain, 
obtained  from  the  Indiana  University  Algae  Culture  Collection, 
#252.   Our  cells  show  chromatic  transients  having  the  same  gen- 
eral magnitude  and  wavelength  characteristics  as  those  described 
in  Chlorella  pyrenoidosa  by  Myers  and  French^-^',  but,  so  far,  we 
have  failed  to  observe  any  sustained  enhancement.   Enhancement 
was  looked  for  both  in  polarographic  studies  on  oxygen  evolution, 
and  in  experiments  on  the  rate  of  fixation  of  labeled  carbon  di- 
oxide in  monochromatic  light.   In  addition  to  chromatic  transi- 
ents, our  material  of  Chlorella  produces  a  large,  negative  oxygen 
transient  immediately  after  the  light  is  turned  off.   This 
transient  has  the  same  general  shape  as  the  one  described  by 
French  and  Fork^  ^    in  Porphyridium,  and  referred  to  by  them  as 
photostimulation  of  respiration. 

Light-dark  oxygen  transients. 

We  have  measured  light-dark  oxygen  transients  in  Chlorella 
polarographically  under  conditions  in  which  the  base-line  drift 
was  less  than  3%  of  full  scale  per  hour,  and  in  which  the  steady- 
state  photosynthesis  rate  was  maintained  at  the  same  level  at  all 
wavelengths.   A  regimen  was  adopted  in  which  the  cells  were  given 
monochromatic  light  for  six  minutes  followed  by  fourteen  minutes 
of  darkness.   This  allowed  time  for  the  photosynthetic  rate  to 
become  stable  at  all  of  the  wavelengths  tested,  except  possibly 
in  the  region  around  480m^.   The  dark  period  was  sufficiently 
long  in  most  cases  to  allow  the  transient  to  return  to  the  base 
line.   The  negative  transient  varied  linearly  as  a  function  of 
the  steady-state  photosynthesis  rate  throughout  the  visible 
spectrum.   It  was  observed  that  the  size  of  the  transient  was  the 
same,  within  experimental  error,  at  all  wavelengths  when  light 
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Fig.  1.   Oxygen  transients  measured  at  five  differ- 
ent wavelengths.   Monochromatic  light  of  6.6  mja  half- 
band-width  was  provided  from  a  Bausch  &  Lomb  monochro- 
mator.   The  curves  are  plotted  from  galvanometer  read- 
ings taken  every  fifteen  seconds.   Other  details  in 
the  text. 

intensities  were  used  which  gave  the  same  steady-state  photosyn- 
thesis rate  at  each  wavelength.   This  was  even  true  of  transients 
measured  in  the  far-red  region.   Some  selected  examples  are  shown 
in  figure  1.   The  transient  at  720mp  is  particularly  interesting 
because  of  its  similarity  to  the  transients  occurring  in  the 
visible  region.   Since  oxygen  evolution  in  untreated  whole  cells 
probably  requires  the  participation  of  two  pigment  systems,  it 
appears  that  in  this  strain  there  is  relatively  good  overlap  in 
absorption  by  the  pigments  of  the  two  systems  even  at  relatively 
long  wavelengths. 

The  details  in  the  shape  of  a  light-dark  oxygen  transient  are 
repeatable  when  a  series  of  such  transients  are  measured  at  a 
particular  wavelength.   If,  however,  at  the  end  of  the  period  of 
a  transient  the  wavelength  of  the  light  is  shifted  and  the  light 
intensity  at  the  new  wavelength  is  preset  to  give  the  same 
steady-state  photosynthesis  rate,  then  a  new  transient  having  a 
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525  mu        20        480  mu 


40        480mu        60  525inM      80  0 

TIME     (min  ) 


680  nv 


20        480itui        40 


Fig.  2.   Sequence  of  oxygen  transients  525mP<  -♦ 
480mtx  ->  480nm  -»  525mu  (left  side)  and  680nijj  -  480nui 
(right  side). 

different  magnitude  from  the  previous  one  may  be  generated.   The 
greatest  changes  in  the  magnitude  of  negative  transients  have 
been  observed  in  shifts  from  a  wavelength  where  the  primary  pig- 
ment system  (System  I  of  Duysens^  O  is  the  principal  light  ab- 
sorber to  a  wavelength  where  the  secondary  pigment  system  (System 
II  of  Duysens)  is  the  principal  light  absorber.   Two  such  shifts 
(525mM.  -«  480miJ.;  680m|i  -  480mM.)  are  shown  in  figure  2.   After  a 
single  aberrant  transient  has  been  produced,  all  succeeding 
transients  are  normal  for  the  particular  wavelength.   In  the 
reverse  shift,  from  a  wavelength  where  the  pigments  of  System  II 
predominate  to  one  where  the  pigments  of  System  I  predominate, 
in  this  case  from  480mli'  -  525mM.,  or  from  480mM.  -  680m|J.,  no  tempo- 
rary change  in  the  behavior  of  the  transient  is  observed.   I 
would  interpret  these  results  as  indicating  that  an  adjustment 
takes  place,  either  in  the  relative  efficiency  in  the  utilization 
of  energy  trapped  by  the  two  pigment  systems  for  photosynthesis, 
or  in  the  balance  between  photo synthetic  and  respiration  rates, 
when  a  shift  is  made  from  one  wavelength  to  another.   This 
adjustment  is  probably  of  such  a  nature  as  to  tend  to  maximize 
the  quantum  yield.   The  adjustment  probably  takes  place  rapidly 
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Fig.  3  (left).   Uptake  of  C  O2  at  different 
intensities  of  far-red  light  compared  to  the  rate  of 
uptake  in  the  dark.   A  Wratten  sharp-cut  filter  #45 
(17o  transmission  at  705mM)  backed  with  a  Corning  filter 
#2418  was  employed.   Relative  intensities  were  measured 
with  a  Kipp  thermopile  and  the  data  are  all  plotted  on 
the  same  intensity  scale. 

Fig,  4  (right).   Comparison  between  the  net  rate 
(light  rate  minus  dark  rate)  of  CO2  uptake  and  O2 
evolution  in  far-red  light  as  a  function  of  the  light 
intensity,  showing  an  intensity  threshold  for  CO2 
fixation,   CO2  uptake  was  measured  as  described  in 
figure  3  and  O2  evolution  was  followed  polarographic- 
ally.   The  relation  between  the  slopes  of  the  curves 
is  arbitrary.   The  curves  are;   •,  oxygen  evolution; 
o,  /i  ,  CO2  fixation  (two  experiments). 

when  the  shift  is  to  a  region  where  the  pigments  of  System  I 
predominate,  and  is  slow--slow  enough  to  be  reflected  in  the 
transient- -when  a  shift  in  the  opposite  direction  occurs.   The 
conditions  imposed  at  one  wavelength  which  affect  the  magnitude 
and  shape  of  a  transient  at  another  wavelength  appear  to  be 
dissipated  slowly  over  a  period  of  several  hours  in  the  dark. 
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Threshold  light  intensities  for  carbon  dioxide  fixation. 

In  general,  the  photo synthetic  rate  measured  on  an  oxygen 
electrode  is  linear  as  a  function  of  light  intensity  over  a  wide 
range  of  intensities.   Non-linearities  have  been  observed  with 
the  oxygen  electrode  in  Chlorella  in  the  region  around  700mp  by 
Myers  and  Graham ('^)  .   In  our  strain  of  Chlorella,  oxygen  evolution 
appears  to  be  linear  as  a  function  of  intensity  in  the  far-red 
region  and  does  not  show  any  threshold  at  low  light  intensities 
(fig.  4). 

An  examination  of  the  rate  of  carbon  dioxide  fixation  at  wave- 
lengths longer  than  710mp  using  labeled  bicarbonate  showed  that 
while  CO2  uptake  is  linear  as  a  function  of  light  intensity  over 
most  of  the  intensity  range,  it  has  a  distinct  threshold  at 
moderately  low  light  intensities  (figs.  3  &  4) ,   If  one  uses 
either  younger  cells,  or  successively  longer  wavelengths  of  far- 
red  light,  this  intensity  threshold  rises  rapidly  to  a  point 
where  very  bright  light  is  needed  to  effect  a  light  promoted 
fixation.   We  have  chromatographed  the  products  of  C-'-402  fixation 
at  different  light  intensities  given  for  different  lengths  of 
time,  and  have  found  that  at  intensities  at  or  below  the  thres- 
hold the  distribution  pattern  of  the  label  is  the  same  as  in  dark- 
ness.  At  intensities  only  10-15%  greater  than  the  threshold 
intensity  a  labeling  pattern  characteristic  of  CO2  fixation  in  the 
light,  in  which  sugar  mono-  and  di-phosphates,  alanine,  serine, 
glycine,  and  sucrose  are  rapidly  labeled,  is  discernible. 

Effects  of  carbonyl  cyanide  m-chlorophenylhydrazone  (CCCP)  on 
oxygen  evolution. 

As  can  be  seen  in  figure  5,  CCCP  does  not  have  any  significant 
inhibitory  effect  on  the  steady-state,  in-vivo  photosynthesis 
rate  in  Chlorella  cells  over  a  wide  range  of  concentrations 
(5  X  10 "^M  to  Id^M)  in  which  CCCP  stimulates  respiration  several 
fold,  presumably  by  uncoupling  oxidative  phosphorylation.   CCCP 
does,  however,  induce  a  lag  in  the  onset  of  oxygen  evolution,  the 
length  of  which  varies  depending  on  light  intensity,  light 
quality,  and  on  the  concentration  of  CCCP  (figs.  5  &  6) .   The 
lag  observed  in  the  induction  of  oxygen  evolution  is  significantly 
more  sensitive  to  CCCP  for  photo synthetic  rates  above  compensa- 
tion, than  it  is  for  rates  below  compensation.   At  high  CCCP 
concentrations  (5  x  10-5M)  and  low  light  intensities  (less  than 
1000  ft.  candles)  even  the  onset  of  photosynthesis  below  the 
compensation  level  may  be  affected.   By  using  various  combinations 
of  colored  filters,  and  by  adjusting  the  relative  light  intensity 
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Fig,  5.  Effect  of  CCCP  on  respiration  and  photo- 
synthesis in  Chlorella  pyrenoidosa.  Pardee  buffers) 
adjusted  to  provide  a  constant  17o  CO2  tension  was  used 
in  the  center  well  of  the  Warburg  vessels.  The  light 
intensity  was  1500  ft.  candles.  The  curves  are:  •, 
control;  o,  10"5m  CCCP;  A,  3x10-5m  CCCP;  a,  8x10-5m 
CCCP. 

to  obtain  approximately  the  same  photosynthetic  rates  in  the 
controls,  the  relative  effectiveness  of  different  colors  of  light 
in  overcoming  the  photosynthetic  induction  lag  caused  by  CCCP 
was  compared.   It  was  observed  that  under  the  experimental 
conditions,  red  light  at  wavelengths  longer  than  660mp  was  the 
most  effective  in  overcoming  the  lag  caused  by  CCCP.   White  light, 
adjusted  to  an  intensity  that  gave  the  same  photosynthetic  rate 
in  the  controls,  was  much  less  effective  than  red  light,  and  blue 
light  was  still  less  effective  than  white  light  (fig.  6), 


i 


It  is  surprising,  in  view  of  the  fact  that  CCCP  is  known  to  be 
such  an  effective  uncoupler  of  photosynthetic  phosphorylation  in 
isolated  chloroplasts  of  higher  plants ("),  that  this  compound 
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Fig.  6.  Effects  of  different  colors  of  light  in 
overcoming  the  induction  lag  caused  by  treatment  with 
CCCP.  The  curves  are:  •,  white  light,  control;  o, 
same,  3.3  x  lO'^M  CCCP;  a,  red  light  (Corning  filter 
#2030),  control;  A,  same,  3.3  x  lO'^M  CCCP;  ■,  blue  and 
far-red  light  (Corning  filter  #5031),  control;  q,  same, 
3.3  X  10-5m  CCCP. 


does  not  inhibit  photos3rnthesis  in  living  cells.   There  is  an 
indication,  however,  that  CCCP  may  uncouple  some  of  the  photosyn- 
thetic  phosphorylation  that  occurs  in-vivo  in  algae.   We  have 
followed  the  effect  of  CCCP  on  the  uptake  of  labeled  acetate  in 
Chlamydomonas  reinhardtii,  a  species  in  which  light  promotes 
acetate  assimilation  several  fold  above  the  dark  rate.   (CCCP 
causes  an  induction  lag  in  oxygen  evolution  in  Chlamydomonas  the 
same  as  in  Chlorella.)  Acetate  uptake  was  completely  inhibited 
by  CCCP  in  the  dark  at  concentrations  below  IO'Sm,  and  the 
inhibition  was  not  in  any  degree  reversed  by  light  (fig.  7).   By 
comparison,  cyanide  is  much  less  toxic. 

It  is  generally  held  by  most  investigators  that  the  light 
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Fig.  7o   Uptake  of  sodium 
acetate-l-Cl"^  (3  x  IQ-^M)  by 
Chlamydomonas  reinhardtii  in 
light  and  dark,  and  in  the 
presence  of  KCN  or  CCCP  as 
indicated.   Far  red  illumina- 
tion was  provided  from  two 
sides  by  'sun-gun'  lamps  at  a 
total  intensity  of  15,000  ft. 
candles  each  passed  through 
a  Wratten  #45  filter  backed  by 
a  Coming  red  sharp-cut  filter. 
The  cells  were  pretreated  for 
20  minutes  under  the  experi- 
mental conditions  before  the 
label  was  added. 


promoted  uptake  of  acetate  is  dependent  on  the  production  of  ATP 
by  photophosphorylation.   If  this  is  so,  then  photophosphoryla- 
tion  resulting  in  the  formation  of  ATP  that  is  consumed  outside 
the  chloroplast  must  be  CCCP  sensitive.   Conversely,  the 
additional  ATP  involved  in  light  promoted  acetate  uptake  may 
possibly  come  from  light-stimulated  respiration,  and  the  effect 
of  CCCP  would  then  be  due  to  an  uncoupling  of  this  respiration. 
We  are  conducting  experiments  to  test  these  alternative  possibil- 
ities.  In  any  event,  a  CCCP-insensitive  photo synthetic  pathway 
probably  exists  in  living  cells,  and  is  lost  during  their 
disruption  in  the  preparation  of  isolated  chloroplasts. 

Since  the  uncoupling  of  oxidative  phosphorylation  by  CCCP 
would  have  the  effect  of  increasing  the  steady-state  ADP/ATP 
ratio  in  the  cell,  it  may  be  that  the  induction  of  photosynthesis 
requires  moderately  high  levels  of  ATP  that  are  lacking  in  cells 
treated  with  CCCP.   It  has  been  shown  that  in  isolated  chloro- 
plasts far-red  light  is  more  effective  in  the  synthesis  of  ATP 
than  visible  light^^),   Our  experiments  on  the  effectiveness  of 
color  and  intensity  of  light  in  overcoming  the  induction  lag  in 
oxygen  evolution  caused  by  CCCP  can  also  be  interpreted  as 
evidence  that  more  ATP  is  synthesized  in  far  red  than  in  visible 
light.   Our  data  are  in  agreement  with  the  suggestion  that  there 
is  a  higher  rate  of  ADP  consumption  and  ATP  production  at  wave- 
lengths where  absorption  is  predominantly  by  pigments  of  System  I, 
and,  correspondingly,  that  there  is  a  relative  higher  rate  of  ADP 
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production  and  ATP  consumption  at  wavelengths  where  pigments 
belonging  to  System  II  absorb  predominantly. 

Conclusions. 

The  relationships  between  enhancement,  chromatic  transients, 
and  transients  attributable  to  photorespiration  are  difficult 
to  assess.   Enhancement  appears  to  depend  in  some  way  on  the  fact 
that  absorption  by  the  pigments  of  System  I  is  not  always  effect- 
ively overlapped  in  the  far-red  region  of  the  spectrum  by  absorp- 
tion due  to  pigments  of  System  II.   Where  enhancement  is  absent, 
as  in  our  strain  of  Chlorella,  the  overlap  of  the  two  pigment 
systems  appears  to  be  better  than  usual,  and  the  photo synthetic 
rate  does  not  decline  rapidly  in  the  far  red. 

Chromatic  transients  appear  to  be  a  measure  of  the  difference 
in  the  balance  achieved  in  the  utilization  of  light  energy 
absorbed  by  the  two  pigment  systems,  depending  on  the  color  of 
light  the  cells  are  receiving.   The  largest  transients  produced 
by  wavelength  shifts  reflect  the  greatest  differences  in  the 
relative  participation  of  the  pigment  systems  in  providing  energy 
for  steady-state  photosjmthesis.   The  respiration  rate  may  play  a 
role  in  achieving  this  balance,  and  all  factors  probably  combine 
to  sustain  the  maximum  quantum  yield. 

Light-dark  transients  have  been  interpreted  both  as  a  photo- 
stimulation  of  respiration  and  as  oxygen  uptake  in  the  reoxida- 
tion  of  intermediates  of  photosynthesis  inside  the  chloroplast. 
In  either  case,  changes  in  the  magnitude  of  these  transients 
resulting  from  wavelength  shifts  provide  a  measure  of  the  rate  at 
which  already-formed  patterns  of  energy  transfer  or  utilization 
are  broken  down  and  new  ones  are  established. 
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ILLUMINATION  DEPENDENCE  OF  ENHANCEMENT 
T.  T.  Bannister  and  M.  J.  Vrooman 


The  subject  of  this  paper  is  the  dependence  of  enhancement  in 
Chlorella  pyrenoidosa  str.  3,  on  short-wave  (U82  mp)   and  far-red 
(696  mp)   illuminations.  Two  enhancement  functions  were  deter- 
mined, the  enhancement  (E)  and  the  excess  rate  (D): 

E  =  (Pi2-Pi)/P2  (1) 

D  =  P12-P1-P2  (2) 

Here  p-, ,  p  ,  and  p-ig  ^^^   "the  steady  state  photosynthesis  rates  in 
short-wave,  far-red,  and  in  the  two  lights,  respectively.   To  fa- 
cilitate reference  to  illumination  curves  of  photosynthesis,  p-, , 
^2>   P-ip  ^^^   ^  were  expressed  as  rates  relative  to  the  saturated 
rate  in  white  light.   The  observed  functions  E(l2_,  I2)  and 
D(l2_,  I2)  were  compared  with  these  predicted  by  the  "spill-over" 
and  "separately  packaged  pigment"  models  of  enhancement.  The  pre- 
dicted functions,  which  are  the  same  for  both  models,  explain 
many,  but  not  aJ.1,  characteristics  of  the  observed  functions. 

METHODS 

Oxygen  evolution  rates  were  measured  with  a  horizontal  plat- 
inum electrode  similar  to  that  of  Myers  and  Graham  ^-^K      The  plat- 
inum surface  on  which  the  cells  were  sedimented  lay  about  0.5inm 
below  a  dialysis  membrane  which  separated  the  electrode  com- 
partment from  an  external  solution  containing  0.1  M  KCl,  O.O5  M 
phosphate  buffer  -  pH  7-0,  0.01  M  KNO3,  and  O.OO6  M  MgSO..  The 
solution  was  equilibrated  with  1^  oxygen,  5^  CO2  in  nitrogen  and 
kept  at  22-25  degrees  C. 

Interference  filters  (peak  transmission  80^,  bandwidths  15  and 
30  m^  at  UO^  and  1^  transmission,  respectively)  and  heat-ab- 
sorbing filters  isolated  the  monochromatic  beams  from  1000  watt 
tungsten  lamps.   Identical,  coincident,  homogeneous  beams  fell 
either  on  the  electrode  or  on  a  thermopile . 

After  mounting  on  the  electrode,  cells  were  equilibrated  and 
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illuminated  for  2-3  hours.   Subsequently,  for  enhaiacenient  mea 
surements,  illumination  was  given  in  the  sequence  red,  dark,  blue,  ~ 
blue  plus  red,  blue,  dark,  red,  dark.   Periods  of  ^4-8  minutes 
insured  attainment  of  97*5^  of  steady  state  rate. 

Like  Myers  suid  Graham  (1/,  saturated  rates  of  photosynthesis 
of  20-60  pi   O2  pl~^   cells  hour~l  were  found.   Respiratory  rates, 
estimated  as  described  elsewhere  v^) 


estimated  as  described  elsewhere 
cells  hour'l 


',  were  about  1  pi   O2  pi 


■1 


OBSERVED  FUNCTIONS 

Due  to  the  length  of  the  measurements,  the  functions  E(l2_,  Ig) 
and  D(I-,,  Ip)  had  to  be  characterized  from  the  results  of  exper- 
iments, each  limited  to  1,  2,  or  3  planes  intersecting  the  en- 
hancement surfaces.  Fortunately,  the  consistency  among  a  number 
of  experiments  permitted  establishing  the  semi -quantitative  char- 
acter of  the  E  and  D  surfaces  with  no  more  than  modest  quanti- 
tative errors. 


Figs.  1  and  2  show  the  two  surfaces  obtained.  Fig.  1  shows 
thatf increased  with  blue  illumination  (far-red  being  constant), 
reached  a  maximum  for  Pi/p2'^5>  and  declined  slowly  with  further 
increases  in  pj_.  With  blue  constajit,  E  declined  from  a  maximum 


4000  ciQt  cm'  i*e 


Fig.  1.   E(p  ,  p  ).   Contours  of  E  estimated  from  ex- 
perimentally  aetermiaed  profiles  (dashed  lines). 
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value  as  far- red  illumination  increased.  Maximum  enhancements 
were  limited  to  a  small  region  of  very  weak  far-red  (pg-^ 0.005  to 
O.OIO)  and  blue  illumination  such  that  p-|_^0.05  to  0.15 . 


4000  »fl«  cm'*  ••€"■ 


Fig.  2.   D(p  ,  Vo) •     Contours  of  D  estimated  from  ex- 
perimentally determined  profiles. 

Fig.  2  shows  that  D  depends  on  blue  and  far-red  in  qualita- 
tively similar  ways.  As  one  illumination  increases,  the  other 
being  constant,  D  rises  sharply,  then  more  gradually,  then 
becomes  constant.   At  very  high  illumination,  D  apparently  de- 
creases. When  both  illuminations  increased  in  a  fixed  ratio, 
D  continued  to  increase  --  no  msLximum  being  reached  with  the 
illuminations  employed.   The  highest  values  of  D  obtained  were 
'^O.OU  and  occurred  with  p-,  =  0.2  to  O.3  and  pg  =  0.1. 

PREDICTED  FUNCTIONS 


Both  the  "spill-over"  and  "separately  packaged  pigment" 
models  assume  that  the  rate  of  photosynthesis  is  limited  to  the 
rate  of  the  slower  of  two  required  photoreactions.   (We  assume 
here  that  both  photoreactions  must  proceed  at  the  same  rate  as 
the  overall  rate  of  photosynthesis.)   In  both  models,  absorbed 
far-red  quanta  are  presumed  to  be  distributed  in  a  fixed  ratio 
between  far-red  and  short-wave  photoreactions,  distribution  to 
the  far-red  reaction  predominating.   Accordingly,  the  rate  (pg) 
of  photosynthesis  in  far-red  is  limited  to  the  rate  of  the  short- 
wave reaction .  Then  . . . 
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where  ip  is  the  rate  of  absorption  of  far-red  q.uanta  and  a  is  the 
fixed  fraction  (<l/2)  of  absorbed  quanta  acting  in  the  short- 
wave reaction.   Of  the  rate  (l-a)i2  of  absorption  of  far-red 
quanta  by  the  far-red  system,  (l-2a)i2  is  in  excess  of  the  rate 
of  sensitization  of  the  short-wave  reaction,  and  is,  therefore, 
wasted  unless  balanced  by  short-wave  illumination. 

Spill-over  Model.  According  to  this  model,  short-wave  quanta 
are  absorbed  predominantly  by  pigments  directly  associated  with 
the  short-wave  reaction,  but  the  excitation  energy  can  be  trans- 
ferred to  the  long-wave  reaction  when  this  reaction  tends  to  be 
the  slower.   Thus  short-wave  quetnta  are  presumably  distributed 
in  a  flexible  manner  tending  to  equalize  the  rates  of  both  re- 
actions.  In  short-wave  light  alone,  there  would  be  a  perfectly 
balanced  distribution,  half  the  absorbed  quanta  going  to  each 
reaction.   Then 


=  i,/2 


Ct) 


where  P2^  is  the  rate  of  photosynthesis  and  i-^  is  the  rate  of  ab- 
sorption of  short-wave  quanta. 

In  short-wave  and  far-red  lights  together,  absorbed  short- 
wave quanta  go  predominantly  to  the  short-wave  reaction  tending 
to  balance  the  predominant  utilization  of  far-red  quanta  in  the 
far-red  reaction.   In  far-red  and  limiting  short-wave  illumi- 
nations, the  rate  (P12)  "^^^^   remain  limited  to  the  rate  of  the 
short-wave  reaction: 


P12  =  3-12+^^1 


(5) 


Here,  b  (>  I/2)  is  the  maximum  fraction  of  absorbed  short-wave 
quanta  which  can  be  utilized  in  the  short-wave  system  --  i.e., 
(l-b)  of  short-wave  quanta  are  constrained  to  act  in  the  far-red 
system . 

As  short-wave  illumination  increases,  a  point  is  reached  where 
the  rates  of  introduction  of  quanta  into  the  short-wave  and  far- 
red  systems  are  equal,  and  both  rates  equal  one-half  the  total 
rate  of  absorption  of  quanta: 

P12  =  (H+i2^/2  =  '^^2-'^^l  =  (l-a)i2+(l-^)ii  (^^ 

At  this  point  no  far-red  quanta  are  wasted  and  any  additional 
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increment  of  short-wave  illumination  will  be  divided  equally 
between  both  reactions.  Hence,  at  this  balance  point,  and  for 
all  higher  short-wave  illuminations,  E  and  D  have  fixed  maLximum 
values. 

From  equations  3  through  6,  expressions  for  E  and  D  are  easily 
obtained,  either  in  terms  of  i  and  i  ,  or  p^  and  p^.  Thus,  for 
i,  less  than  balancing 
1 

E  =  l+(b-2)i^/ai2  =  l+(2b-l)p^/p2  (T) 

D  =  (b-2)i^  =  (2b-l)p3^  (8) 

and,  for  just  balancing  and  higher  short-wave  illuminations 

E  =  l/2a  (9) 

D  =  (l/2a  -  l)p  (10) 

2 

Also,  from  equation  6,  is  obtained  an  expression  for  the  ratio 

p,/pp  at  the  balance  point 

2a-l 

p^/p^  =  2a(l-2b}  (11) 

Separately  packaged  pigment  model.   Here,  no  energy  transfer 
is  assumed  possible  between  the  two  systems.   As  a  result, 
absorbed  short-wave  quanta,  like  far- red  quanta,  are  presumed 
to  be  divided  in  a  fixed  ratio  between  the  two  photoreactions, 
the  preponderance  of  short-wave  quanta  acting  in  the  short-wave 
system.   Then  the  rate  of  photosynthesis  in  short-wave  light  is 
limited  to  the  rate  of  the  far-red  reaction,  giving  in  place  of 
equation  k, 


^  -  (i-».)i. 


P,  = 


(i^a) 


Again,  simultaneous  short-wave  and  far-red  illuminations  permit 
a  balancing  of  rates,  and  equations  5  and  6  give  the  rate  p^p 
for  less  and  more  than  balancing  short-wave  illumination.  Then, 
from  equations  3,  ka.,    5,  and  6  expressions  for  E  and  D  are 
derived 

E  =  l+(2b-l)i-L/ai2  =  l+(2b-l)p^/(l-b)p2  (7a) 

D  =  (2b-l)i  =  (2b-l)p^/(l-b)  (8a) 

E  =  (l/a)-l  (9a) 
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D  =  (a-2)/p2  (10a) 

1-1?   l-2a 
p  /p  =  (2b-l)(  a  )  (11a) 

1  2 

Comparison  of  models.  From  experimental  values  for  maxlmxim 
enhancement  and  for  the  ratio  P-i/p„  needed  to  obtain  maximiun 
enhancement,  the  values  of  a  ana  b  can  be  calculated  from  the 
equations  9  and  9a  and  11  and  11a,  respectively.  From  our  exper- 
imental values  E^j  '^'2.5  and  p,/pp'^'5,  a  =  0.20  and  b  =  O.65  for 
the  spill-over  model,  and  a  =  6.29  and  b  =  0.57  for  the  separate 
package  hypothesis. 

When  these  values  for  a  and  b  axe  inserted  into  equations  7 
through  10,  or  into  equations  7a  through  10a,  one  obtains,  for 
short-wave  light  limiting, 

E  =  140.30  p^/p^  (12) 

D  =  0.30  pj^  (13) 

and,   for  short-wave  light  greater  than  balancing, 

E  =  2.5  (1^) 

D  =  1.5  P  (15) 

Thus,  both  models,  fitted  to  the  same  experimental  data,  lead  to 
identical  n\Americal  equations  for  E  and  D  as  functions  of  illu- 
mination. 

COMPARISON  OF  DERIVED  AND  EXPERIMENTAL  FUNCTIONS 

The  predicted  functions  E  and  D,  given  for  both  models  by 
equations  (12)  through  (15),  are  shown  in  Fig.  3-  Comparison 
with  the  experimental  functions  (Figs.  1  and  2)  shows  that,  for 
smeill  p  and  p  ,  the  predicted  and  experimental  surfaces  are  in 
good  agi-eementf  both  with  respect  to  the  general  shape  of  the 
contours  as  well  as  to  the  positions  of  contours  of  a  given 
value.  Despite  these  points  of  similarity,  there  are,  however, 
two  important  discrepancies. 
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Fig.  3.   E(p  ,  p  )  and  D(p  ,  p  ).  Predicted  by  spill- 
over model  (a  =  0.2,  b  =  O.65;  and  separate  package 
model  (a  =  0.29,  "b  =  0.57).   Everywhere  to  the  left  of 
the  contour  E  =  2.5,  E  maintains  its  maximum  value  of 

2.5 

Discontinuity  of  Derived  Function.   One  discrepsJicy  is  the 
discontinuity  of  the  predicted  E  euid  D  functions  along  the 
contour  line  E  =  2.5.   In  the  spill-over  model,  this  discontinuity 
reflects  the  assiamption  that,  with  p-L  smaller  than  balancing, 
short-wave  quanta  are  divided  in  the  ratio  b/(l-b)  between  the 
two  photoreactions,  while  with  p-,  greater  than  balancing,  the 
short-wave  quanta  in  excess  of  those  needed  to  reach  the  balance 
are  divided  equally  between  the  reactions.  To  remove  this  dis- 
continuity, one  could  assume  that  the  ratio  of  division  of  short- 
wave quanta  cheunges  in  a  continuous  fashion  as  Pj^/Pp  increases. 
Offhand,  such  a  dependence  would  seem  a  conceivable  property  of 
an  energy- transfer  mechanism. 

For  the  separate  package  hypothesis,  the  discontinuity  is  more 
difficult  to  explain,  since,  in  this  case,  b  and  a  represent 
simply  the  fixed  fractions  of  absorption  by  the  two  separate 
pigment  systems.   Possibly,  a  plausible  explanation  could  be 
found  in  terms  of  the  kinetics  of  dark  reactions  associated  with 
the  photoreactions. 

Saturation  Effect.   One  notes  a  second  discrepancy  in  that, 
whereas  the  contours  of  E  of  the  derived  function  are  everywhere 
straight  lines  radiating  from  the  origin,  the  contours  of  the 
experimental  function  are  straight  only  for  low  p-j_  and  pg,  and, 
for  higher  p,  and  pp,  curve  away  in  a  counterclockwise  sense. 
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We  suggest  that  this  curvature  of  the  contours  is  associated  with 
a  curvature  of  the  illumination  curve  of  photosynthesis  —  i.e., 
with  the  approach  to  saturation. 

The  suggested  role  of  saturation  is  based  on  an  analysis  of 
which  only  the  main  points  can  be  given  here.   In  this  analysis, 
it  was  assumed  that  the  spill-over  and  separate  package  models  -- 
and  in  particular  the  rate  equations  3  through  6  --  refer  to  the 
photochemical  production  of  an  intermediate  which  is  subsequently 
converted  into  products  by  a  dark  reaction,  which  is  limiting  in 
high  illuminations.   In  this  case,  the  observed  rates  of  photo- 
synthesis (P, ,  P  ,  and  P-jg)  are  non-linear,  saturable  functions 
of  the  lightiproSortional  rates  (p^,  p^,  and  p-^g)  of  intermediate 
formation.   The  analysis  showed  that  only  a  very  slight  curvature 
of  the  illumination  curves  P^^Cl)  and  PgCl)  is  necessary  to  ex- 
plain the  observed  curvatures  of  the  E  and  D  functions.   Spe- 
cifically, illumination  curves  which  would  deviate  on  the  average, 
by  only  0 .2.io   of  saturating  rate  from  a  straight  line  (over  the 
range  from  0  to  l/3  of  saturating  rate)  suffice  to  explain  the 
observed  E  and  D  functions.   This  small  curvature  of  the  illu- 
mination curves  could  exist  within  the  experimental  error  asso- 
ciated with  our  apparently  linear  illumination  curves. 

CONCLUSIONS 

The  following  results  of  our  work  would  seem  to  be  of  some 
interest.  To  begin  with,  our  results  appear  to  be  the  first  to 
establish  the  dependence  of  enhancement  over  a  fairly  wide  range 
of  both  short-wave  and  far-red  illuminations.   By  expressing  this 
dependence  in  terms  of  E  and  D,  functions  of  the  rates  (p-j_,  P2) 
relative  to  the  rate  of  saturated  photosynthesis,  enhancement  can 
be  unambiguously  referred  to  ordinary  illumination  curves  of 
photosynthesis.   This  point  is  noteworthy  because  many  earlier 
works  have  given  ratios,  such  as  E,  without  statement  of  rates; 
in  such  cases,  it  is  impossible  to  assess  the  importance  of  res- 
piratory and  saturation  effects.  Our  results  emphasize  also  that 
E  and  D  are  very  different  functions;  E  can  be  maximum  only  at 
very  low  far-red  illumination  while  D  increases  steadily  up  to 
comparatively  high  illuminations. 

Secondly,  our  analytical  formulations  of  the  spill-over  and 
separate  package  models  give  a  theoretical  basis  for  quantitative 
description  of  the  parameters  governing  enhancement.   Thus,  the 
coefficients  a  and  b  are  the  wavelength- dependent  parameters  of 
enhancement  which  one  should  seek  from  action  spectra.  Unhappily, 
both  models  lead  to  equivalent  illumination  dependences  of 
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enhancement.  However,  as  Myers  (3)  has  pointed  out  to  us,  dif- 
ferent maximum  limits  to  enhancement  are  predicted  by  the  two 
models.  Thus,  for  the  spill-over  model,  the  ratio  of  (p-^^g'Pl)/?? 
could  not  exceed  2.0  (assuming  equal  rates  of  both  photoreactions), 
whereas  higher  values  would  occur  with  the  separate  package  hy- 
pothesis; thus,  the  formulations  promise  to  be  helpful  in  dis- 
criminating experimentally  between  the  two  models. 

Thirdly,  the  formulations  give  a  ready  explanation  to  some 
previous  observations.  For  example,  the  increase  in  maximum  E, 
and  the  increase  in  the  ratio  P-i/p^  required  to  obtain  maximum  E, 
which  Myers  and  Graham  (4)  reported  to  attend  increasing  wave- 
length of  far-red,  are  predicted  (equations  (9)  and  (ll),  or  (9a) 
and  (lla)  ),  assuming  a  declines  with  increasing  wavelength. 
Myers  and  Graham  also  found  that  the  slopes  of  curves  representing 
E(p,  ),  for  pp  constant,  in  the  region  of  small  P]_,  were  independent 
of  rar-red  wavelength.   This  agrees  with  equations  (7)  and  (Ta), 
which  show  the  slope  depends  only  on  b. 

Finally,  our  analyses  suggest  that,  aside  from  the  discontin- 
uity discussed  above,  the  general  semiquantitative  dependence  of 
enhancement  on  illuminations  can  be  explained  on  the  basis  of 
either  model,  provided  saturation  is  taJten  into  account.   Con- 
versely, our  findings  indicate  that  saturation  must  generally  be 
reckoned  with,  even  at  low  illuminations  normally  regarded  as 
within  the  linear  portion  of  an  illumination  curve.  For  example, 
in  determining  a  maximum  value  of  E,  care  must  be  taken  that  Pj^ 
not  be  much  in  excess  of  that  value  just  giving  maximum  E;  other- 
wise a  less  thaji  maximum  value  of  E  will  be  obtained. 

This  work  was  supported  by  the  National  Science  Foundation. 
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THE  RELATION  BETWEEN  PIGMENT  CONCENTRATION  AND  PHOTO- 
SYNTHETIC  CAPACITY  IN  A  MUTANT  OF  CHLAMYDOMONAS  REIN- 

~~  HARDI  ^ 

G.  C.  McLeod^,  G.  A.  Hudock^,  and  R.  P.  Levine 


The  wild  type  strain,  137  c,  of  Chlamydomonas  reinhardi  is  capable  of 
phototrophic  growth  in  the  light  in  a  minimal  medium  with  carbon  dioxide 
as  a  sole  carbon  source  0).     |t  can  be  grown  in  the  dark  if  the  minimal 
medium  is  supplemented  with  0.2  percent  sodium  acetate.    Both  light  and 
dark  grown  cells  have  a  chloroplast  and  photosynthetic  pigments  ^   '   ' , 

In  contrast  to  the  wild  type  there  are  several  mutant  strains  ^   '   '  deno- 
ted as  yellow-in-the-dark  or  y  strains  which  are  unable  to  form  a  chloro- 
plast or  synthesize  chlorophylTin  the  dark.    Growth  in  the  dark  results  in 
a  two-fold  decrease  in  chlorophyll  content  with  each  cell  division.    The 
most  striking  feature  of  the  dark  grown  yellow  cells  is  the  absence  of  a 
lamellar  structure  of  the  chloroplast  ^~*/ . 

When  the  dark  grown  yellow  cells  are  placed  in  the  light  chlorophyll 
synthesis  precedes  lamellar  formation.    A  normal  chlorophyll  content  of 
1 .5  to  2.0  ug/lO<^  cells  is  attained  in  8-10  hours.    During  this  exposure  to 
light  the  doubling  time  of  the  chlorophyll  is  80-90  minutes  whereas  the 
doubling  time  of  the  cells  is  10  hours.    The  presence  of  the  carotenoid  pig- 
ments is  not  sufficient  for  lamellar  formation  ^°) .    The  first  detectable 
lamellae  are  found  after  two  hours  of  illumination  by  which  time  the  chl- 
orophyll content  is  between  0.5  to  0.7  ug/lO^  cells  or  30  percent  of  the 
normal  complement.    At  the  end  of  the  regreening  period  the  chlorophyll 
content  and  chloroplast  structure  of  the  yellow  cells  are  indistinguishable 
from  those  of  the  wild  type  strain.    Thus,  the  y-2  strain  of  C .  reinhardi 
during  bleaching  and  regreening  provides  a  biological  system  suited  for 
the  study  of  the  development  of  photosynthetic  capacity  under  diverse  pig- 
ment compositions. 
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Several  photochemical  reactions  take  part  in  the  formation  of  the  chloro- 
plast  pigments.    A  lag  period  is  followed  by  a  period  of  pigment  synthesis. 
(Figure  1)  Hff 


Figure  1 .    Synthesis  of  total  chlorophyll,  chlorophyll  a  and  chlorophyll  b 
in  regreening  cultures  of  dark  grown  y-^. 

Little  is  known  about  the  lag  period  in  chlorophyll  formation  \°) .     Its  exis- 
tence probably  indicates  that  there  are  certain  processes  required  to  ini- 
tiate a  further  production  of  protochlorophyll  in  the  cell  v) ,    Another 
change,  possibly  taking  place  during  the  lag  phase,  is  an  increased  energy 
transfer  from  the  carotenoid  pigments  to  chlorophyll  \°) .    Our  experiments 
show  that  the  lag  period  is  not  influenced  by  a  variation  of  the  intensity  or 
the  wavelength  of  illumination.    Following  the  lag  period,  the  light  inten- 
sity controls  chlorophyll  synthesis.    The  minimal  light  intensity  for  chloro- 
phyll synthesis  is  betv/een  10  and  20  foot  candles.    Repeated  measurements 
show  the  rate  of  chlorophyll  synthesis  increases  almost  linearly  with  an  In- 
crease in  light  intensity  above  20-50  foot  candles,  reaches  a  maximum  rate 
at  2500  foot  candles,  and,  thereafter,  decreases  as  the  light  intensity  in- 
creases. 

The  ratio  of  chlorophyll  a  to  chlorophyll  b  is  constantly  changing  during 
regreening.    At  the  start  of  regreening  the  ratio  is  1  .3,  increases  2.4  at  a 
total  chlorophyll  level  of  0.5  to  0.7  ug/lO*^  cells,  and  reaches  3.0  at  a 
chlorophyll  level  of  1 .30  ug/lO^.    (Figure  2) 
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Figure  2.    Ratio  of  chlorophyll  a  to  chlorophyll  b  (Cal  Cb)  during  the  first 
five  hours  of  exposure  of  a  culture  of  y-2  to  the  light  following  96  hours  of 
growth  in  the  dork. 

The  action  spectrum  for  the  formation  of  chlorophyll  during  regreening 
was  measured  by  illuminating  cultures  of  dark  grown  yellow  cells  with  wave- 
lengths of  monochromatic  light-half  band  width  ^-1  mu-  obtained  with 
Bausch  and  Lomb  interference  filters  backed  with  Corning  Glass  filters. 
The  intensity  of  the  monochromatic  light  for  the  regreening  experiments 
was  always  below  the  level  of  saturation  obtained  with  white  light.    The 
chlorophyll  formed  was  extracted  and  measured  spectrophotometrically 
(9,10)^    The  effectiveness  of  the  monochromatic  light  in  chlorophyll  ac- 
cumulation was  calculated  as  the  reciprocal  of  the  relative  number  of  quan 
to  absorbed  in  different  parts  of  the  spectrum  to  produce  the  same  quantity 
of  chlorophyll  as  produced  with  650  mu  illumination. 

The  action  spectrum  of  a  96  hour  dark  grown  yellow  cells  shows  maxima 
at  420-445  mu,  650  mu,  and  594  mu,  and  the  relative  efficiencies  are  in 
this  order.    (Figure  3)    There  is  a  suggestion  of  a  shoulder  at  680  to  690  mu. 
This  spectrum  agrees  with  the  action  spectrum  of  "greening"  in  etiolated 
Avena  seedlings,  and  with  that  of  bleached  Euglena  cells  ^' '  '''^);    and, 
the  absorption  spectrum  of  protochlorophyll .    The  action  spectrum  was  also 
measured  at  different  chlorophyll  levels.    All  procedures  revealed  that 
there  is  a  shift  in  the  red  portion  of  the  spectrum  during  chlorophyll  syn- 
thesis. 
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Figure  3.    Action  spectrum  of  "greening"  of  a  96  hour  dork  grown  culture 
of  y-2.    The  insert  shows  the  shift  of  the  red  peck  of  the  action  spectrum 
during  chlorophyll  synthesis. 

At  a  chlorophyll  level  of  0.5  to  0.7  ug/lO*^  cells  the  650  mu  peak  broadens 
to  680-690  mu.    Above  a  chlorophyll  level  of  0.7  ug/lO^  cells  there  is  a 
shoulder  at  650  mu  and  the  major  peak  at  684  mu.    The  measurements  do 
not  show  a  shift  in  a  corresponding  peak  in  the  blue  portion  of  the  spec- 
trum. 

Below  chlorophyll  levels  of  0.5  ug/lO*^  cells  the  peaks  in  the  action 
spectrum  are  probably  due  to  the  absorption  of  protochlorophyll .    The 
broadening  of  the  peak  with  further  chlorophyll  accumulation  indicates  an 
increasing  participation  of  chlorophyll  a.     It  is  fully  active  when  the  peak 
shifts  to  680  mu  as  the  level  of  pigment  approaches  that  of  the  light  grown 
cells. 

If  a  photosynthetic  reaction  is  directly  limited  by  the  chlorophyll  con- 
tent it  should  decrease  at  the  same  rate  as  chlorophyll  content  in  the  dark 
grown  y-2.    On  return  to  the  light,  the  rate  of  such  a  reaction  would  not 
be  expected  to  increase  until  after  chlorophyll  synthesis  has  begun.    On 
the  other  hand,  the  rate  of  a  photosynthetic  reaction  which  is  not  limited 
by  the  chlorophyll  content,  but  by  other  coincidental  factors,  will  de- 
crease at  a  different  rate. 


A  test  of  this  hypothesis  is  to  examine  carbon  dioxide  fixation  and  ox- 
ygen evolution  during  bleaching  and  regreening.    The  rate  of  carbon 
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dioxide  fixation  decreases  in  a  manner  almost  identical  to  that  of  the 
chlorophyll  content  during  growth  in  the  dark.    On  return  to  the  light, 
there  is  a  lag  period  similar  in  length  to  that  observed  for  chlorophyll 
synthesis  and  then  a  rapid  rise  in  the  rate  of  carbon  dioxide  fixation  which 
is  followed  by  a  return  to  a  steady  state  level  comparable  to  that  of  the 
light  grown  cells  (^) .    The  decay  of  the  carbon  dioxide  fixation  during 
the  light  period  indicates  an  increased  respiration  during  the  synthesis  of 
chlorophyll . 

A  plot  of  the  oxygen  evolution  against  chlorophyll  content  during  blea- 
ching and  regreening  is  given  in  Figure  4.    In  the  dark,  after  a  lag  period 
of  one  generation,  oxygen  evolution  decreases  two-fold  with  each  cell 
division.     In  the  light,  following  a  lag  period,  there  is  a  small  but  recur- 
ring oxygen  evolution  similar  to  that  reported  by  Fork  ^     K    Above  chloro- 
phyll levels  of  0.5  to  0.7  ug/lO*^  cells,  there  is  a  rapid  increase  in  the 
rate  of  oxygen  evolution.    The  maximum  rate  is  not  attained  until  the  nor- 
mal chlorophyll  complement  of  1 .5  to  2.0  ug/lO^  cells  is  restored. 


laor 


z 

3 


> 


UJ 


z 
o 


o 
> 


z 

UJ 


0  30 


^G     CHLOROPHYLL     /   10       CELLS 


Figure  4.    Development  of  oxygen  evolution  in  a  regreening  culture  of 
dark-grown  y-2.    Oxygen  evolution  in  relative  units  is  plotted  as  a  fun- 
ction of  botTf  time  and  chlorophyll  content. 
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During  regreening  the  saturation  rate  for  photosynthesis  increases  until 
the  ratio  of  chlorophyll  b  to  chlorophyll  a  reaches  its  normal  value.    After 
this,  the  saturation  rate  remains  relatively  constant  and  the  highest  rate  of 
oxygen  evolution  is  around  680  mu  which  agrees  with  photosynthetic  action 
spectra  reported  by  other  workers  ^'    '  for  normal  Chlamydomonas. 
(Figure  5) 
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Figure  5.    Action  spectrum  for  photosynthesis  for  a  regreened  culture  of 
the  mutant  y-2. 

Results  from  many  laboratories  V^^  emphasize  that  photosynthesis  in- 
volves two  different  photochemical  reactions  driven  by  different  pigments. 
Only  when  both  reactions  are  proceeding  in  the  correct  proportions  is  the 
maximum  rate  of  photosynthesis  attained.    Measurements  of  the  enhance- 
ment produced  by  different  combinations  of  wavelengths  against  pigment 
concentrations  shows  that  it  varies  from  1  .0  to  1 .74  as  the  total  chloro- 
phyll content  goes  from  0.5  to  1  .3  ug/lO°  cells  and  the  Ca/Cb  ratio  from 
2.4  to  3.0.    (Figure  6)    The  absence  of  an  enhancement  of  photosynthesis 
below  0.5  ug/10^  cells  may  be  interpreted  as  the  failure  of  pigment  inter- 
action.   More  detailed  studies  of  the  effects  of  wavelengths  of  light  on 
the  partial  reactions  of  photosynthesis  are  necessary  to  clarify  the  specific 
roles  of  the  different  pigments  during  regreening. 
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Figure  6.    Development  of  the  enhancement  of  photosynthesis  produced  by 
650-680  mu  against  chlorophyll  content. 

The  regreening  process  offers  a  unique  opportunity  to  study  the  depen- 
dence of  photosynthetic  capacity  on  chlorophyll  synthesis  and  other  co- 
incidental factors.    The  kinetics  of  the  decrease  of  the  rate  of  C02 
fixation  in  preparations  of  dark  grown  cells,  and  the  kinetics  of  the  in- 
crease upon  return  of  the  cells  to  the  light  is  essentially  identical  to  the 
change  in  chlorophyll  content.     It  is  clear  that  the  fundamental  reaction 
of  oxygen  evolution  begins  when  only  a  small  amount  of  chlorophyll  is 
preserit  in  the  cells,  and  in  the  absence  of  highly  organized  structural 
units  ^^^).    The  rapid  increase  in  the  rate  of  oxygen  evolution  at  a  critical 
chlorophyll  level  suggests  that  either  new  structures  must  be  built  or  new 
components  must  be  formed  for  the  development  of  an  active  photosynthe- 
sis.   These  structures  could  then  provide  for  physical  separation  of  products 
and  even  for  their  transport  to  regions  of  the  cells  suitable  for  their  pro- 
tection and  metabolism.     It  is  certain  that  the  proteins  particularly  the 
chloroplastic  proteins  play  a  predominant  role  since  the  function  of  the 
chlorophylls  not  only  depends  on  the  activity  of  several  enzymes,  but  also 
on  photochemical  reactions  in  which  the  properties  of  the  pigment  protein 
complex  are  essential  features.    Several  forms  of  this  complex  appears  to 
exist  and  to  be  able  to  change  into  one  another  during  development.    The 
regreening  cell  is  a  dynamic  system  whose  photosynthetic  capabilities  are 
bound  to  the  chloroplast  (including  structural  features)  and  vary  with  the 
environmental  conditions. 


407 


G.  C.  McLeod,  G.  A.  Hudock,  and  R,  P.  Levlne 


FOOTNOTES 

1  .    Supported  by  grants  from  the  National  Institutes  of  Allergy  and 
Infectious  Diseases,  United  States  Public  Health  Service  (AI-01421  and 
AM-03202-03),  from  the  National  Science  Foundation  GB-329,  and 
Contract  AF  19(604) -8443  from  Air  Force  Cambridge  Research  Laboratories, 

2.  Energetics  Branch,  Space  Physics  Laboratory,  Air  Force  Cambridge 
Research  Laboratories. 

3.  Department  of  Microbiology,  Dartmouth  Medical  School,  Hanover, 
New  Hampshire, 


408 


G.  C.  McLeod,  G.  A.  Hudock,  and  R.  P.  Levine 
BIBLIOGRAPHY 

1.  Sueoka,  N.,  Proc.  Natl.  Acad.  Sci.,  46  (1)  83-91,  1960 

2.  Levine,  R.P.  and  D.  Volkmann,  Bio  chem.  Biophys.  Res.  Comm. 
6,  264-269,  1961 

3.  Hudock,  G.  A.  and  R.  P.  Levine,  (in  press) 

4.  Sager,  R.  and  G.  E.  Palade,  Exp.  Cell  Res.,  7,  584-588,  1954 

5.  Farhad,  M.,  (in  manuscript) 

6.  Virgin,  H.  I.,  Kahn,  A.  and  D.  von  Wettstein,  Photochem. 
Photobiol.,  2(2),  83-91,  1963 

7.  Madsen,  A.,  Photochem.  Photobiol.,  2(2)  93,  1963 

8.  Butler,  W.  L.,  Arch.  Biochem.  Biophys.,  92,  287,  1961 

9.  Arnon,  D.  I.,  Plant  Physiol.,  24,  1-15,  1949 

10.  MacKinney,  G.,  J.  Biol.  Chem.,  140,  315-322,  1941 

1 1 .  Wolken,  J  .  J  . ,  The  Photochemical  Apparatus,  its  structure  and 
function.    Brookhaven  Symposia  in  Biology,   No.  11,  87-100,  1958 

12.  Nishimura,  M.  and  H.  Hazisige,  J.  of  Biochem.,  3,  225-234,  1959 

13.  Fork,  D.  C,  Plant  Physiol.,  38(3)  323-332,  1963 

14.  Soger,  R.,  The  Carnegie  Institution  of  Washington  Year  Book  60, 
374-376,  1960 

15.  French,  C.  S.,  Light  and  Life,  John  Hopkins  Press,  Baltimore, 
447-472,  1961 

16.  Smith,  J.H.C.,  Proc.  5th  International  Congress  of  Biochemistry, 
Vol.  VI,  151-162,  1963 


V.     RESPIRATION,   PHOTOSYNTHESIS, 
AND  HYDROGEN  METABOLISM 


PHOTOREACTIONS  Al.'D  5ESPIBATI0N 


George  Hoch  and  Olga  v.  H.  Owens 


Living  cells  obtain  energy  for  self-synthesis  by  three 
paths,  they  are:   (1)  dismutation  of  chemical  compounds;  (2) 
oxidation  of  chemical  compounds;  (3)  utilization  of  electro- 
magnetic radiation.   This  symposium  is  concerned  v;ith  the 
last  process,  photosynthesis.   Photosynthesis  is  a  particu- 
larly apt  name,  but  is  used  too  often  in  a  limited  sense, 
that  is,  the  synthesis  of  sugar  or  sugar  polymers  from  car- 
bon dioxide  and  water  at  the  expense  of  light  energy. 

The  purpose  of  our  investigations  was  to  determine  the 
relationship  between  two  of  these  energy  supply  paths, 
namely  oxidation  (as  evidenced  by  respiration)  and  light 
utilization.   The  subject  has  a  long  and  somewhat  varied 
history,  ranging  from  a  suppression  of  respiration  in  the 
light  to  an  acceleration  of  large  magnitude.   In  particular, 
the  effects  occurring  at  low  light  intensities  are  interest- 
ing, if  for  no  other  reason  than  how  they  affect  measure- 
ments of  the  quantum  yield,  chromatic  transients  and 
Emerson  "enhancement". 

(1  2) 
Follov/ing  the  lead  of  Allen  Brov/n  and  coworkers   '    we 

have  employed  a  mass  spectrometer  in  these  investigations. 
The  instrument  has  been  described^3)  and  differs  from  others 
in  that  it  directly  measures  the  gas  concentrations  dis- 
solved in  the  liquid  phase. 

Oxygen  uptake  and  production  at  various  wavelengths. 

Figure  1  describes  the  response  of  oxygen  uptake  ind 
production  to  increasing  light  intensities  of  three  wave- 
lengths in  Anacystis  nidulans.   This  figure  effectively 
summarizes  our  results;  although  the  effects  may  differ 
quantitatively  from  day  to  day,  the  qualitative  features 
are  consistent ''^•' .   These  features  are  that  light  given  to 
chlorophyll  a  suppresses  oxygen  uptake  while  light  given  to 
the  accessory  pigment,  phycocyanin,  increases  oxygen  uptake. 
The  overall  feature  in  chlorophyll  a  light  is  a  broken 
curve  v/hen  net  oxygen  exchange  is  plotted  as  a  function  of 
intensity.   This  effect  was  first  observed  by  Kok^5)  and 
has  been  termed  the  "Kok  effect". 
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The  increased  oxygen  uptake  occurs  at  short  wavelengths 
in  both  blue-green  and  green  algae.   The  magnitude  of  the 
increase  is  variable  from  one  culture  to  another,  doubtless 
depending  on  the  prior  history  of  the  cells.   The  increased 
uptake  has  an  irregular  response  to  light  intensity,  as  it 
generally  does  not  start  until  sufficient  intensity  to  com- 
pensate dark  respiration  (or  somewhat  more)  has  been  given. 
At  intensities  below  this  point,  oxygen  uptake  does  not 
change  or  is  slightly  inhibited.   This  increased  uptake  can 
also  lead  to  a  small  break  in  the  net  gas  exchange  curve. 

Effect  of  Cyanide  on  Oxygen  Uptake  and  Production. 

It  has  been  known  for  some  time  that  the  effect  of 
cyanide  on  respiration  and  photosynthesis  varies  with  the 
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organism  under  st 
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was  inhibited  by 
made  the  observat 
only  to  the  coape 


udy.   Warburg  reported  in  1920  that,  even  in 
oncentrations  of  cyanide,  respiration  of 
ffected.   Photosynthesis  on  the  other  hand 
cyanide  but  only  in  strong  light.   Warburg 
ion  that  cyanide  inhibited  photosynthesis 
nsation  point.   In  contrast  to  'Warburg's 
n  found  that  a  species  of  Sceneaesmus  had 


Chlorella,  Gaffro 

a  respiration  v;hich  was  not  only  sensitive  to^cyanide  but 

which  was  more  sensitive  than  photosynthesis 


.(6)" 


Figure  2  is  an  experiment  dene  with  saturating  li^'ht  in 
which  oxygen  uptake,  oxygen  production,  and  net  oxygen  ex- 
change are  shown  as  functions  of  time  for  zero  cyanide  and 
10-3m  cyanide  in  Anacystis  nidulans. 
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In  the  control  sample  the  typical  increase  in  oxygen  up- 
take occurs  at  saturating  intensities  but  it  is  countered 
by  an  even  larger  oxygen  production.   The  result  is  a  posi- 
tive net  gas  exchange.   Addition  of  lO'^M  cyanide  causes  a 
reduction  in  the  rate  of  oxygen  production  without  a  con- 
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tion  of  the  photo 
are  being  inhibit 
the  failure  of  cy 
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in  oxygen  uptake  so  that  the  net  gas  ex- 
ch  less.   Also  evident  in  the  figure  is 
effect  is  somewhat  progressive  with  time  in 
de  at  10~.5m,  while  inhibiting  photosynthe- 
ensation,  is  actually  allowing  recornbina- 
products,  so  that  the  light  reactions  per  se 
ed  only  slightly.   This  perhaps  explains 
anide  to  cause  fluorescence  changes  similar 
rs  of  photosynthesis  ^'^, 


As  the  cyanide  concentration  is  increased  (to  lO'^M)  both 
oxygen  production  and  uptake  go  to  zero.   Although  the 
effects  of  cyanide  appear  complex  the  light  dependent  uptake 
of  oxygen  is  only  indirectly  affected  by  cyanide.   The  drop 
in  rate  of  light  uptake  results  from  the  action  of  cyanide 
on  the  oxygen  production  mechanism,  Vi/hich  in  turn  brings 
about  a  lowered  production  of  the  oxidizable  reductant. 


An  investigation  was  made  of  the  effect  of  cyanide  at 
lower  light  intensities  at  wavelengths  where  either  one  or 
the  other  of  the  two  photosystems  predominates.   Figure  3 
shov/s  such  an  experim.ent  with  Scenedesmus .   The  controls 
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show  the  typical  response  which  we  have  found  at  two  wave- 
lengths.  Vi'hen  the  light  is  saturating,  as  shown  in  the 
higher  intensities  of  65O  light,  the  cyanide  effect  is 
large,  inhibiting  photosynthesis  to  ^Oyo.       At  lower  intensi- 
ties, on  the  linear  part  of  the  curves,  the  cyanide  effect 


413 


George  Hoch  and  Olga  v.  H.  Owens 


is  still  present,  but  is  considerably  smaller,  both  wave- 
lengths exhibiting  a  slight  but  significant  inhibition  in 
oxygen  production.   The  results  are  in  general  agreement 
with  Warburg  in  demonstrating  that  the  most  pronounced 
inhibition  is  observed  in  saturating  light. 

Oxygen  uptake  shows  an  interesting  effect  which  might 
help  to  explain  some  of  the  anomalies  which  we  have  seen  in 
our  experiments  and  which  undoubtedly  can  lead  to  discrepan- 
cies in  data.   At  this  concentration  of  cyanide  (10"3m)  dark 
respiration  was  inhibited  to  near  zero.   Vi/ith  increasing 
light  intensity  of  65O  mu,  respiration  increased  in  a  nearly 
linear  fashion  until  it  equalled  and  then  exceeded  the  un- 
inhibited control.   Similar  results  have  been  obtained  with 
Anacystis.   In  no  case,  however,  have  we  been  able  to  show  a 
significant  difference  in  inhibition  of  oxygen  production 
with  wavelength. 

Respiratory  effects  on  measurements  of  photosynthesis. 

The  suppression  of  respiration  affects  certain  measure- 
ments of  photosynthesis.   Figure  h    shows  the  net  oxygen 
exchange  of  Anacystis  for  several  wavelengths.   The  broken 
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curves  for  chlorophyll  a  regions  make  obvious  the  reasons 
why  Emerson  measured  high  efficiency  for  this  region  while 
others  measured  low  efficiencies,  it  all  depends  where  on 
the  light  curve  the  measurements  were  made.   A  similar  ex- 
planation suffices  for  "negative  enhancecient"  or  "de-enhance- 


414 


George  Hoch  and  Olga  v.  H.  Owens 


ment".   This  effect  is  a  general  one,  Emerson 


(8) 


found  it 


in  the  blue-^vreen  Anacystis,  the  diatom  Navicula,  and  in  the 


red  algae  Phorphyridium.   Govindjee  and  Rabinowitch 


(9) 


showed  the  effect  in  Chlorella.   The  answer  to  this  is  again 
suppression  of  respiration.   The  first  light  beam  gives  both 
oxygen  production  and  suppression  of  uptake  while  the  second 
yields  only  photosynthesis,  therefore,  the  second  beam  gives 
less  net  oxygen  exchange  when  added  to  another  beam  also 
absorbed  by  chlorophyll  a  than  it  did  v«;hen  measured  by  it- 
self.  This  effect  also  makes  the  observed  enhancement,  in 
those  regions  v/here  it  occurs,  less  than  the  true  amount^-^^< 
This  is  shown  in  Table  1.   The  observation  of  negative 
enhancement  in  Chlorella  is  especially  reassuring  because 
here,  as  we  mentioned  before,  the  suppression  of  uptake  is 
often  too  small  for  us  to  measure  with  the  isotopes. 
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In  several  experiments  we  have  found  positive  values  for 
enhancement  when  we  superimposed  light  beams  of  680  and  705 
mu  and  measured  oxygen  production  with  isotopes.   However, 
with  a  total  of  22  different  experiments  we  obtained  an 
average  enhancement  equal  to  1.1,  well  within  our  experi- 
mental error.   While  v.'e  do  not  feel  this  disproves  the  pos- 
sibility of  enhancement  between  these  wavelengths,  any 
enhancement  effect  must  be  of  small  magnitude. 


Influence  of  cyanide  on  enhancement. 

Table  2  shows  some  rather  unexpected  results.   Although 
our  attempts  to  show  a  specific  effect  of  cyanide  on  one  or 
the  other  wavelength  have  not  been  successful  the  inhibi- 
tion does  have  an  effect  on  enhancement  observed  with 
isotopes.   Addition  of  cyanide  slir.htly  decreases  the  oxygen 
production  of  both  beams  (much  less,  of  course,  in  this 
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intensity  region  than  it  does  at  saturation)  but  increases 
the  extra  oxygen  arising  as  a  result  of  mixing  the  beams. 
This  results  in  an  increased  enhancement  factor. 
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Response  of  0-,  uptake  to  mixed  beams. 

Figure  5  shows  the  oxygen  uptake  as  a  function  of  oxygen 
production  for  63O  mu  light,  710  mu  light  and  a  combination 
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of  the  two  beams.   At  low  rates  of  oxygen  production  chloro- 
phyll a  light  causes  a  depressed  oxygen  uptake  while  at 
these  same  values  oxygen  uptake  is  only  slightly  inhibited 
in  630  light.   Increasing  the  rate  of  O2  production  in 
accessory  pigment  illumination  leads  to  an  increased  rate  of 
uptake  above  that  occurring  in  the  dark. 
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Figure  6  shows  an  enhancement  experiment  with  Anacystis. 
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In  this  case  we  consider  the  response  of  oxygen  production 
and  uptake  to  increasing  intensities  of  710  mu  light  when 
this  light  is  added  to  a  sample  in  the  dark  or  to  a  sajnple 
already  illuminated  with  63O  mu  light.   In  the  first  case 
oxygen  production  is  a  linear  function  of  710  mu  intensity. 
Oxygen  uptake  shows  the  characteristic  inhibition  at  this 
wavelength.   The  net  gas  exchange  curve  will  of  course  show 
a  break.   Now  we  do  the  same  tyoe    of  experiment  as  done  by 
Jones  and  Myers  ^■'-■^^    and  put  the  same  710  mu  light  on  a  back- 
ground of  630.   The  curve  now  rises  quickly,  due,  of  course, 
to  enhancement,  until  it  has  "titrated"  the  available  short 
wavelength  photoproduct  and  then  resumes  the  slope  found  for 
the  far  red  alone.   The  ratio  of  slopes  in  this  experiment 
is  6.3* 

Now  the  crux  of  the  experiment  is  the  response  of  oxygen 
uptake  during  the  addition  of  the  710  mu  light  to  the  63O  mu 
light.   The  figure  shows  that  in  the  63O  light  alone  oxygen 
uptake  is  increased  and  that  addition  of  the  710  mu  beam 
suppresses  this  Ujptake.   The  suppression  is  essentially  com- 
plete at  the  lowest  intensity  of  far  red  light  used.   Be- 
cause of  the  scatter  in  the  data  v;e  obtain  in  this  type  of 
experiment  we  are  unwilling  to  place  much  emphasis  on  the 
apparent  kinetics.   Better  instrumentation  is  required  to 
resolve  this.   Nevertheless,  it  appears  to  us  that  during 
the  intensities  in  v;hich  the  far  red  beam  is  being  enhanced 
(the  steep  slope),  oxygen  uptake  is  being  suppressed.   If 
these  results  are  correct,  suppression  of  uptake  is  not 
competitive  with  enhanced  oxygen  production,  but  rather  the 
tv/o  can  occur  simultaneously. 

Discussion 

The  results  show  that  respiratory  changes  can  and  do 
cause  many  anomalies  when  the  net  rate  of  gas  exchange  is 
taken  as  a  measure  of  photosynthesis.   In  our  experiments 
we  have  observed  a  remarkable  linearity  of  actual  oxygen 
production  as  a  function  of  light  intensity  over  the  lower 
intensity  regions.   The  respiratory  effects  are  clearly  the 
source  of  many  discrepancies  in  the  measurement  of  the 
quantum  yield  of  photosynthesis  as  a  function  of  wavelength, 
they  also  provide  explanation  for  the  puzzling  phenomen  of 
"negative"  enhancement.   Perhaps  other  observations  of  Emer- 
son such  as  the  extension  of  the  good  quantum  yields  of 
photosynthesis  into  the  far  red  by  such  means  as  the  addi- 
tion of  yeast  extract  or  earth  extract  or  low  temperature 
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may  have  also  an  origin  in  respiration.   The  chromatic         M 
transients  have  been  ascribea  by  Blinks  to  changes  in  respi-   m 
ration  ^^^\       Above  all  they  indicate  that  photosynthesis      ^ 
and  respiration  are  not  mutally  exclusive  processes  within 
the  cell  but  rather  are  interrelated,  allowing  the  cell  to 
function  as  an  entity. 

Brown  and  iVeiss  (13 il^)  have  found  carbon  dioxide  evolu- 
tion to  be  suppressed  during  illumination  of  both  a  green 
and  a  brown  alga.   Furthermore,  this  suppression  was  inde- 
pendent of  intensity  of  illumination  over  a  wide  range.   If 
this  is  also  the  case  in  Anacystis,  which  seems  likely,  then 
we  can  assume  dark  respiration  to  be  inhibited  by  light. 
The  increased  oxygen  uptake  which  occurs  when  accessory  pig- 
ments are  illuminated  may  be  possibly  ascribed  to  an  oxida- 
tion of  a  photosynthetic  reductant  proauced  in  photosystem 
II.   The  mechanism  by  which  chlorophyll  a  light  suppresses 
respiration  is  likely  to  be  similar  to  other  systems  for 
control  of  competing,  energy  supplying  processes.   The 
Pasteur  effect  has  been  thought  to  exert  its  control  over 
fermentation  through  the  phosphorylating  components  common 
to  both  systems.   This  may  be  the  case  in  photosynthesis 
also.   If  we  were  to  assume  that  oxygen  uptaKe  is  inhibited 
by  the  abstraction  of  reducing  equivalents  from  respiration 
by  an  oxidized  moiety  produced  in  photosynthesis,  then  CO2 
evolution  would  have  to  continue  unabated  in  the  light.   It 
seems  more  probable  that  control  is  exerted  through  high 
energy  phosphate. 

In  this  regard,  it  is  well  to  consider  the  total  energy 
requirements  for  the  growth  of  micro-organisms  or  plants  at 
the  expense  of  light  energy.   Reduction  of  carbon  dioxide  to 
the  level  of  carbohydrate  apparently  requires  two  reduced 
pyridine  nucleotides  and  3  ATP  or  12  PNH  and  I8  ATP  per 
hexose.   From,  a  variety  of  organisms  the  ATP  aemand  for 
synthesis  of  cell  stuff  from  a  supplied  hexose  is  I8  ATP. 
Hence,  per  6  CO2  fixed  the  light  must  supply  12  PNH  and  36 
ATP  or  two  and  6  respectively  per  CO2.   Present  schemes  for 
photosynthesis  (as  Hill  and  Bendall  '^15)  envisage  two  quanta 
per  electron  and  that  is  what  is  measured  for  the  reduction 
of  TPN  in  the  Hill  reaction.   However,  this  supplies  only 
2  ATP  per  O2  instead  of  6.   The  missing  k   ATP  could  come 
from,  a  recycling  of  P700  but  at  the  expense  of  at  least  2 
more  quanta.   Hence,  from  present  data  the  requirements  for 
growth  are  10  hv  per  CO2  (uncorrected  for  respiration).   If 
the  lov/er  values  found  in  the  literature  (as  for  instance 
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(16) 
7.^)      are  correct  either  more  ATP  must  be  found  or  the 

schemes  for  photosynthesis  must  be  revised. 

Since  both  enhancement  effects  and  respiratory  suppres- 
sion have  comrion  sensitizations  it  is  conceivable  that  they 
have  a  common  origin.   The  predominate  photoreaction  at  far 
red  wavelengths  is  an  oxidation  of  P7OO  and  reduction  of  a 
low  potential  reductant.   Recombination  of  these  photoprod- 
ucts  could  lead  to  phosphorylation  and  therefore  inhibition 
of  respiration.   It  appears  some  mechanism  of  this  type  must 
operate  in  the  cell  to  provide  growth  requirements.   The 
question  then,  is  whether  this  system  is  in  competition  with 
the  oxygen  evolution  reaction.   We  would  like  to  suggest 
that  the  long  wavelength  system  which  we  feel  provides 
phosphorylation  through  recombination  is  capable  of  opera- 
ting independently  and  is  not  in  competition  with  oxygen 
evolution.   Rather,  it  makes  some  energetic  product  which 
assists  the  oxygen  evolution  reaction.   This  product  is 
presumably  capable  of  conversion  to  ATP.   We  have  tried  to 
outline  this  in  the  rather  general  scheme  shown  in  Figure  ?. 
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SOME  FLAVIN  INTERACTIONS  WITH  GRANA 
(SEEN  IN  A  DIFFERENT  LIGHT) 

Birgit  Vennesland 


There  are  currently  two  completely  different  ways  of  conceptualizing  the 
mechanism  of  photosynthesis.     One  Is  so  familiar  to  you  that  I  need  not  sum- 
marize it.     On  the  other  hand,  we  have  Warburg's  view — shared  by  a  mi- 
nority and  unfamiliar  to  many.     I  welcome  this  opportunity  to  elucidate 
Warburg's  point  of  view  because,   in  my  opinion,  his  picture  of  the  mecha- 
nism of  photosynthesis  Is  right. 

Warburg's  theories  are.   In  a  sense,  summaries  of  the  results  of  his  ex- 
periments.    It  is  impossible  to  judge  the  theories  without  considering  the  ex- 
periments on  which  they  are  based.    To  do  this  adequately  in  the  allotted 
time  is  Impossible.    The  experiments  should  be  considered  not  only  in  detail, 
but  in  toto;  for  the  interpretation  of  a  set  of  observations  on  isolated  chloro- 
plasts  rests  in  part  on  what  one  has  learned  from  a  study  of  intact  Chlorella. 
I  can't  take  time  here  to  describe  all  the  important  experiments  that  War- 
burg has  done  with  Chlorella,  but  I'll  compromise  with  necessity  by  out- 
lining briefly  a  few  facts  which  are  particularly  important  as  guides  to  the 
Interpretation  of  the  phenomena  we  study  with  isolated  green  grana. 

SOME  EXPERIMENTS  WITH  CHLORELLA 

First,   let  me  recall  a  set  of  experiments  which  show  that  CO^  is  required 
for  the  compensation  of  respiration  by  light  ^  ' .     If  the  CO„  proauced  In 
respiration  Is  removed  rapidly,   light  cannot  compensate  respiration.    The 
experiment  Is  done  manometrically,  with  a  Chlorella  suspension  In  the  main 
compartment  of  the  Warburg  vessel,  and  base  in  the  side-arm.     Under  these 
conditions,  the  effectiveness  of  light  In  counterbalancing  respiration  depends 
on  the  rate  of  shaking.    Rapid  shaking  ensures  rapid  removal  of  CO„  and 
leaves  the  light  nothing  to  work  on.    As  the  rate  of  shaking  is  decreased, 
the  light  becomes  Increasingly  more  effective.    This  experiment  shows  that 
light  exerts  Its  effect  on  the  endogenous  dark-respiration  of  Chlorella  by 
way  of  CO„. 
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(2) 

Another  set  of  important  experiments        has  to  do  with  the  activated 

CO_  or  O^  precursor — also  called  the  "photolyt"''        '.    The  results  of  a 
demonstration  experiment,  shown  to  me  by  Jetschmann  in  Warburg's  Institute 
in  October,   1961,  have  been  graphed  in  Fig.   1. 
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Fig.   1    The  Activated  CO_  or  0„  Precursor 

Four  Warburg  vessels  are  set  up  with  identical  contents:     100  pi  of  Chlorella 
cells  in  culture  medium.    These  vessels  are  gassed  with  different  gas  mix- 
tures.   The  first  two  vessels  contain  20%  COVair;  the  third  20%  C02/ar- 
gon,  and  the  fourth,  argon.    After  half  an  hour  of  equilibration  in  the  dark, 
acid  fluoride  is  tipped  into  the  second,  third  and  fourth  vessels,   but  the 
first  vessel  is  illuminated  with  a  bright  light  before  tipping  acid  fluoride. 
The  amount  of  fluoride  used  is  sufficient  to  inhibit  respiration  completely. 
A  positive  pressure  due  to  release  of  CO^  appears  in  every  case  after  fluor- 
ide addition.    The  bar  graph  shows  the  amounts  of  CO^  formed  when  the  re- 
actions have  gone  to  completion.    The  CO„  released  in  the  fourth  vessel  is 
a  measure  of  the  amount  of  glutamate  present.    This  is  equivalent  to  the 
chlorophyll  content  of  the  cells.    The  CO^  released  in  the  third  vessel 
gives  the  glutamate  plus  the  CO^  bound  as  bicarbonate  when  the  cells  are 
in  20%  CO^.    The  CO^  released  in  the  second  vessel  is  greater  than  that 
released  in  The  third  vessel  by  an  amount  equivalent  to  the  glutamate.    This 
is  the  aerobically  bound  CO^  or  the  activated  CO^.    The  first  vessel  does 
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not  conJ-ain  much  activated  CO^.     However,  when  this  vessel  was  illumi- 
nated, there  was  a  pressure  burst  due  to  the  release  of  excess  0«.     In  steady- 
state  photosynthesis,   O^  evolution  is  accompanied  by  an  equivalent  CO^ 
consumption,  but  here  O^,  evolution  exceeded  CO„  consumption  by  an  a- 
mount  approximately  equivalent  to  the  amount  of  activated  CO^.     In  sum- 
mary, when  the  cells  are  incubated  in  air  and  CO^  in  the  dark,  they  form  a 
CO^  compound  which  is  readily  converted  to  0_  in  the  light,  but  which 
readily  decomposes  to  CO^  in  the  dark.     Since  we  don't  know  the  chemical 
structure  of  this  substance,  we  represent  it  by  the  symbol  CO„.     Because  it 
is  split  to  O^  in  the  light,   it  has  also  been  called  the  "photofyt".    The  con- 
clusive proof  of  the  Importance  of  CO„  is  the  demonstration  that  It  decom- 
poses to  O^  with  a  quantum  requirement  of  one^  '.    The  photosynthetic  unit 
Is  one.     One  molecule  each  of  chlorophyll,  glutamate  and  CO^  form  a 
complex  which  liberates  O^  when  it  absorbs  a  photon.    The  reducing  power 
generated  by  the  light  resides  in  the  reduced  carbon  left  behind  by  O^ 
elimination. 

It  has  been  claimed  that  there  is  no  such  thing  as  activated  CO_ — ex- 
periments with  C'^  are  said  to  reveal  no  trace  of  it^"^'.     In  this  connection  I 
must  emphasize  that  CO^  is  consumed  as  fast  as  It  Is  formed  when  the  cells 
are  strongly  illuminated.     Cells  performina  photosynthesis  at  maximum  rates 
contain  little  CO„.     If  you  want  to  use  C       to  show  that  there  is  no  such 
compound  you  win  of  course  use  a  bright  light.     Cells  operating  at  maxi- 
mum efficiency  must,  on  the  other  hand,  keep  the  photolyt  reservoir  full . 

Since  there  isn't  enough  energy  in  one  photon  of  red  light  to  convert 
one  molecule  of  CO„  to  0„  and  carbohydrate,  the  energy  deficit  must  be 
made  up.    The  manner  In  wTiich  this  occurs  was  made  clear  by  the  discovery 
of  the  light-induced  respiration.    This  phenomenon  is  quite  easy  to  demon- 
strate manometrlcally  with  Chlorella.    Those  who  wish  to  see  it  may  be  ad- 
vised not  to  use  too  heavy  a  cell  suspension,  or  most  of  the  cells  will  be  in 
the  dark  most  of  the  time,  so  that  most  of  the  light-induced  respiration  may 
occur  during  the  illumination  period^  I 

At  this  point,   it  is  appropriate  to  mention  the  use  of  labeled  oxygen  to 
measure  the  light-Induced  respiration.     One  would  expect  to  see  more  of 
this  respiration  with  the  0'°  technique  than  one  can  see  manometrlcally. 
But  it  is  not  true  that  the  use  of  the  O       technique  will  guarantee  that  one 
sees  all  of  this  light-Induced  respiration.    The  method  requires  a  sampling 
of  oxygen  from  a  gas  phase,  supposedly  In  equilibrium  with  the  inside  of  the 
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cell.     Users  of  this  method  assume  that  the  isotope  ratio  in  the  external  gas 
phase  reflects  the  isotope  ratio  at  the  site  of  O^  generation  and  0_  reutili- 
zation  inside  the  cell.    This  assumption  is  unjusTified.    There  are  bound  to 
be  concentration  gradients,  and  there  is  no  way  of  calculating  how  large  or 
small  these  concentration  gradients  will  be. 

Personally,   I  regard  the  light-induced  respiration  as  a  genuine  experi- 
mental phenomenon.     I  have  seen  it.    And  I  think  Warburg's  experiments 
prove  that  the  fundamental  mechanism  of  photosynthesis  should  be  repre- 
sented as  an  oxygen  elimination  from  a  CO^  derivative,  followed  by  a  re- 
oxidation  of  a  part  of  the  reduction  product.    The  stoichlometry  of  the  re- 
oxidation  is  calculated  from  the  quantum  requirement.     For  an  overall  quan- 
tum requirement  of  three,  2/3  of  the  reduced  carbon  must  be  reoxidized;  an 
overall  quantum  requirement  of  four,  suggests  that  3/4  are  reoxidized.    When 
photosynthesis  proceeds  at  low  efficiencies,  this  may  be  because  a  larger 
fraction  of  the  reduction  product  Is  reoxidized,  or  because  much  of  the 
chlorophyll  is  not  associated  with  photolyt  under  the  conditions  used  for  the 
measurements. 

All  of  the  preceding  points  are  preliminary  to  a  consideration  of  some 
experiments  with  isolated  chloroplasts.     In  Chicago,  we  work  mainly  with 
chloroplasts  from  leaves,  particularly  spinach  leaves,  and  I  have  described 
experiments  done  mainly  with  Chlorella.    This  is  because  It  hasn't  yet  been 
possible  to  provide  a  direct  demonstration  of  the  formation  and  function  of 
CO^  in  leaves.     But  it  seems  reasonable  that  oxygen-generating  photosyn- 
thesis should  have  the  same  fundamental  mechanism  wherever  it  occurs  in 
nature,  and  we  assume  this  is  so.    The  assumption  has  received  support  from 
the  recent  demonstration,  by  Warburg  and  his  associates,  that  small  young 
lettuce  leaves  can  perform  photosynthesis  with  a  quantum  requirement  not 
greater  than  4.5  per  molecule  of  O,^  released^"'. 

THE  STIMULATION  OF  THE  HILL  REACTION  BY  CO2 

For  many  years,  the  occurrence  of  the  Hill  reaction  in  isolated  chloro- 
plasts or  grana  seemed  to  show  that  the  CO^-fixing  part  of  photosynthesis 
could  be  separated  completely  from  the  O^-evolvIng  part.    This  is  how  Hill 
Interpreted  his  Initial  observations,  and  this  is  how  most  of  you  still   Inter- 
pret the  Hill  reaction.     In  fact.   It  is  the  existence  of  the  Hill  reaction  with 
its  associated  photophosphorylation  which  provides  the  best  evidence  for  the 
statement  that  the  grana  function  mainly  to  provide  ATP  and  reducing  power 
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for  the  Calvin-Benson  cycle.    The  photosynthetic  unit  of  several  hundred 
chlorophyll  molecules  is  regarded  as  a  necessary  postulate  to  provide  for  the 
Intensification  and  transfer  of  the  reducing  power  by  way  of  the  catalytic 
components  of  the  respiratory  chain  present  in  the  chloroplasts. 

If  this  prevailing  view  is  right,  there  is  no  such  thing  as  functional  acti- 
vated CO^  in  the  isolated  chloroplasts  of  leaves,  and  one  must  conclude 
that  the  experiments  demonstrating  activated  CO_  in  Chlorella  are  incor- 
rectly interpreted,  or  that  Chlorella  and  leaves  do  photosynthesis  by  funda- 
mentally different  mechanisms.    This  is  the  reason  that  the  demonstrated 
stimulation  of  the  Hill  reaction  by  CO^  has  such  great  theoretical  Impor- 
tance.    It  is  the  fact  which  reconciles  the  Hill  reaction  in  grana  with  the 
behavior  of  intact  Chlorella^^"^^^ 

We  think  of  the  Hill  reaction  as  starting  with  an  elimination  of  O^  from 
CO*,  and  proceeding  with  a  complete  reoxidatlon  of  the  reduced  carbon  by 
the  Hill  reagent.    What  we  are  seeing  in  the  Hill  reaction  is  a  modified  form 
of  the  light-induced  respiration.    This  back  reaction  is  going  too  far,  how- 
ever.   The  reduced  carbon  is  reoxidized  completely.    The  mechanism  for 
conserving  a  portion  of  the  reduced  carbon  Is  not  operating  in  the  grana. 

Of  the  various  naturally  occurring  Hill  reagents,  TPN  is  certainly  one  of 
the  more  interesting.     Both  in  Warburg's  view  and  in  Arnon's  view,  the  pyri- 
dine nucleotide  plays  an  important  role.     But  the  sequence  of  events  Is  pic- 
tured quite  differently.    Arnon  and  many  others  think  of  the  TPN  as  the  re- 
agent which  Is  primarily  responsible  for  transmitting  reducing  power  from 
grana  to  the  carbon  substrates,  specifically  by  way  of  the  triose-phosphate 
dehydrogenase  reaction.    Warburg  thinks  of  the  reduced  carbon  (left  behind 
by  O^  elimination)  as  the  primary  photo  product,  which  then  can  reduce 
TPN  to  TPNH.    As  evidence  for  this  view  I  submit  the  effect  of  CO-  on 
TPN  photoreductlon  (Fig.  2)  (9,  10). 

The  effect  of  CO„  on  O^  evolution  with  TPN  is  not  difficult  to  demon- 
strate.    Even  Intact  spinach  chloroplasts  may  show  a  stimulatory  effect  of 
CO^  amounting  to  20%,  after  a  preliminary  incubation  of  one  hour.    Fig.  2 
(left)  shows  the  effect  obtained  by  using  broken  chloroplasts  without  a  pro- 
longed depletion  treatment.    A  better  material  demonstrating  the  CO-  effect 
on  TPN  photoreductlon  is  sonerated  Chlorel  la(9).    Fig.  2  (right)  shows  two 
sets  of  measurements  which  I  made  In  Berlin  with  this  material.    The  lower 
part  of  the  graph  shows  a  repetition  of  an  experiment  which  Warburg  and 
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Fig.  2    Effect  of  CO    on  Photoreduction  of  TPN 

(9) 
Krippohl  have  recently  published       .    The  upper  part  of  the  graph  shows  a 

similar  set  of  measurements  made  with  soneroted  Chlorella  extract  which  had 
first  been  lyophilized.     Soneroted  Chlorella  extract  contains  all  of  the  pro- 
teins necessary  for  TPN  photoreduction.     Since  the  necessary  soluble  com- 
ponents hove  not  been  removed,   it  isn't  necessary  to  odd  them.     It  is  also 
unnecessary  to  use  any  special  procedures  to  remove  the  CO„. 

The  question  of  the  energetics  of  TPN  reduction  is  an  interesting  one. 
There  is  insufficient  energy  In  one  photon  of  red  light  to  effect  a  reduction 
of  two  molecules  of  TPN  with  release  of  one  molecule  of  O^.     If  the  re- 
duced carbon  generated  by  0„  elimination  is  completely  reoxidized  by 
TPN,  then  some  of  this  reduced  TPN  must  be  reoxidized  by  part  of  the  0„ 
in  order  to  achieve  an  adequate  energy  balance  for  the  net  reduction.    With 
soneroted  Chlorella  extracts,  Warburg  and  Krippohl  have  demonstrated  that 
there  Is  a  re-reduction  of  0_  occurring  during  the  Hill  reaction  with  TPN. 
Addition  of  HCN  to  Inhibit  cotolase  results  in  an  inhibition  of  0„  evolution, 
and  on  accumulation  of  H^O^''^/.    There  is  on  apparent  shift  from  an  ordl- 


.22    .  ■ 
nary  Hill  reaction  too  dlsmufatlon: 


TPN    +    2  H2O 


■^  TPNH2    +    H2O2 


This  dismutation  occurs  under  on  atmosphere  of  argon.    The  0„  necessary 
for  H„0„  formation  must  come  from  the  0„  evolved  in  the  inlriol  Hill 
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reaction.     But  it  is  impossible  to  inhibit  the  H^O^  formation  by  absorbing 
O^  out  of  the  gas  phase  In  contact  with  the  illuminated  solution.    The  O^  Is 
reduced  to  H^O_  before  It  gets  into  the  gas  phase. 

I  refer  you  to  the  paper  of  Warburg  and  Krippahl  for  further  details  about 
this  interesting  reaction.    What  I  want  to  emphasize  here  is  the  fact  that  this 
particular  system  provides  a  convincing  demonstration  that  oxygen  can  be 
formed  and  reutilized  in  the  liquid  phase  without  entering  the  gas  phase 
which  is  supposedly  "in  equilibrium"  with  the  liquid. 

CO2  EFFECT  ON  H2O2  FORMATION 

The  formation  of  large  amounts  of  H^O^  by  Illuminated  Chlorella  poi- 
soned with  HCN  was  first  reported  from  Warburg's  Institute  in  1925  by  Tana- 
ka.    The  emphasis  In  this  early  paper  was  on  the  fact  that  H-O-  is  not 
formed  during  dark  respiration.     Now  we  are  toying  with  the  idea  that  the 

light-Induced  respiration — the  back  reaction of  photosynthesis  Is  at  least 

In  part  a  peroxide  respiration. 

H   0„  formation  isn't  limited  to  intact  Chlorella.     I  have  been  able  to 
demonstrate  H_0„  formation  also  by  cyanide-poisoned  Intact  leaves.     Light 
is  required,    just  as  for  Chlorella.    With  leaves,  the  first  and  most  obvious 
effect  of  light  In  the  presence  of  HCN  is  a  bleaching  of  the  green  pigment. 
The  leaf  turns  white  in  red  light  of  an  intensity  quite  Insufficient  to  do 
damage  in  the  absence  of  HCN.    As  the  bleaching  occurs,  a  small  amount 
of  H^O^  (0.1  to  0.5  tjmole  per  100  mg  fresh  weight  spinach)  appears  in  the 
water  in  which  the  leaf  is  suspended.     One  is  inclined  to  regard  the  bleach- 
ing as  the  consequence  of  the  Internally  generated  H-O^.    The  peroxide 
that  escapes  into  the  medium  is  only  the  fraction  that  hasn't  acted  chemi- 
cally to  cause  bleaching. 

Hydrogen  peroxide  formation  by  isolated  chloroplasts,  first  reported  by 
Mehler,  has  been  studied  extensively  and  shown  to  be  the  consequence  of 
the  reoxidation  by  0„  of  an  autoxidizable  Hill  reagent.    There  are  a  va- 
riety of  naturally  occurring  substances  which  may  function  in  this  way,  and 
the  specific  identity  of  the  responsible  reagent  has  to  be  determined  In  each 
case. 

The  formation  of  H^O„  by  intact  Chlorella  (measured  in  the  presence  of 
0.01   M  HCN)  has  been  shown  to  be  enhanced  by  CO    (^^).     H2O2  formation 
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by  sonerated  Chlorella  extracts  shows  a  similar  stimulation  by  CO^/ 
lustrated  in  Table  I.     Sonerated  Chlorella  extract  was  incubated  in  the  light 

TABLE  I 

Effect  of  CO2  on  H2O2  Production 

Sonerated  Chlorella  extract  (200  (jI  cells/ml)  as  indicated,  300 
jjmoles  phosphate,  pH  6.6,  50  pmoies  KCI,  3  pmoles  NaN_,  in 
volume  of  3  ml;  air;   L  =  600  pl/min,  20°,  70  min. 

Amount  extract  CO^  O^  '^9^9 


ml  %  pmoles  pmoles 

1.0 


2  -6.8  9.9 

0  -4.8  5.2 


0.25 


2  -2.4  3.4 

0  -1.9  1.7 

.-3 


with  phosphate  buffer,   KCI  and  10"^  M  NaN     to  inhibit  catalase.    The 
Table  shows  the  O^  consumption  and  H„0„  production  in  the  presence  and 
absence  of  externally  added  CO„.     If  nothing  else  is  happening,  one  ex- 
pects two  molecules  of  H^O_  to  accumulate  for  each  mole  of  O^  taken  up. 
This  ratio  is  not  observed  here,   partly  because  there  Is  a  consumption  of  O^ 
in  the  dark,  for  which  we  have  made  no  correction.    The  CO^  effect  is  re- 
flected very  clearly  in  the  H»0^  formation.    There  Is  twice  as  much  H2O2 
formed  in  the  presence  of  externally  added  CO»  as  in  its    absence. 

With  spinach  chloroplasts.   It  Is  more  difficult  to  show  the  CO2  effect  on 
H„0_  production,  but  it  Is  there  and  can  be  demonstrated  after  depletion 
procedures.     Here  again,   H„0_  production  gives  a  more  sensitive  response 
to  CO„  than  does  oxygen  consumption.    With  broken  chloroplasts,   I  have 
obtained  20%  stimulation  of  H^O^  production  by  CO2  under  conditions 
where  the  oxygen  consumption  was  apparently  unaffected. 

THE  HILL  REACTION  WITH  FMN 

May  I  turn  now  to  a  more  detailed  consideration  of  the  Hill  reaction 
with  FMN.    The  previous  discussion  provides  a  background  for  the 
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interpret-atlon  of  the  flavin  reaction,  which  we  make  as  shown  in  the  fol- 
lowing equations.   In  which  F  represents  flavin,  and  E  represents  energy. 

(1) 

(2) 

(3) 

(4) 

(5) 

The  photochemistry  starts  with  reaction  1  .    This  is  followed  by  the  re- 
duction of  flavin  as  shown  in  reaction  2.     But  there  is  not  enough  energy  in 
one  photon  of  red  light  to  support  a  net  reduction  of  two  molecules  of  fla- 
vin with  evolution  of  one  molecule  of  O^.    To  make  up  the  deficit  we  pos- 
tulate that  half  of  the  reduced  flavin  is  reoxidized,  as  shown  in  equation  3 
where  E  represents  the  decrease  of  free  energy  which  occurs  in  the  reaction. 
This  energy  is  used  for  the  resynthesis  of  photolyt  (equation  4).     By  summing 
equations  1  through  4  we  get  equation  5,  the  reduction  of  one  molecule  of 
flavin  with  one  quantum  of  light. 

A  few  words  of  explanation  are  in  order  here.    A  set  of  equations  such 
as  these  are  not  intended  to  represent  details  of  chemical  mechanism.    When 
we  know  the  details,  we  will  insert  them.     Of  course,  equation  3  must  be 
chemically  linked  with  equation  4.     Of  course,  one  can  invent  variations 
on  this  theme,   in  great  variety,  and  add  postulated  detail,  fitting  various 
components  of  the  respiratory  chain  onto  various  segments  of  these  reac- 
tions.   All  we  are  trying  to  do  here  is  to  construct  a  skeleton-framework 
which  we  regard  as  correct  in  principle. 

We  expect  difficulty  in  detecting  reaction  5,   because  FH-  and  0_  will 
back  react.     I  have  never  been  able  to  drive  any  O^  Into  the  argon  gas 
phase  by  Illuminating  any  amount  of  chloroplasts  with  any  amount  of  flavin. 

One  detail  which  I  have  not  Inserted  into  equations  1  to  5  is  the  fact 


that  the  autoxidatlon  of  reduced  flavin  leads  to  the  formation  of  H^O^.     In 

ucl 

'2' 


2    2.' 
such  a  back  reaction  one  consumes  twice  as  much  O^  as  Is  formed.     Irthe 

H„0_  is  Immediately  decomposed  by  catalase,  this  might  make  no 
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difference.     But  if  the  catalase  is  inhibited  so  that  H^O_  accumulates,  we 
may  see  the  flavin  reaction  more  readily.     If  external  oxygen  is  present,  we 
see  the  overall  reaction  as  a  net  0„  consumption,  equivalent  to  half  the  a- 
mount  of  H„0„  formed.     If  no  external  oxygen  is  present,  however,  we 
can't  consume  Twice  as  much  0_  as  is  formed.    Then  we  might  expect  an  ap- 
parent dismutation:    FMN    +    liiO   >     FMNH      +    HO.    This  is 

the  kind  of  dismutation  Warburg  and  Krippahl  have  described  tor  TPN.     In 
the  case  of  TPN,  one  can  accumulate  much  TPNH^  and  H   0_  because  these 
substances  don't  back  react  readily  at  low  concentrations.     But  FMNH„  does 
back  react  with  H^O^.     However,  the  reaction  of  FMNH»  with  H_0„  is 
slower  than  the  reaction  of  FMNH»  with  0_.    Though  we  can't  stop  the  un- 
necessary part  of  the  back  reaction  with  a  catalase  inhibitor,  we  might  be 
able  to  delay  it. 

The  fluorescence  band  of  oxidized  flavin  provides  a  very  sensitive  indi- 
cator of  the  oxidation-reduction  state  of  flavin.    With  the  fluorescence 
method  one  can  follow  the  photoreduction  and  reoxidation  of  flavin,  even 
with  high  ratios  of  chlorophyll  to  flavin.    The  details  of  the  procedure  have 
been  described  elsewhere''"^'. 

The  fluorescence-exciting  light  can  be  used  as  the  photoreducing  light 
to  give  a  continuous  record  of  the  photoreduction  of  flavin  on  a  recorder. 
Such  a  set-up  gives  tracings  like  those  shown  In  Fig.  3.    The  level  of 
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Fig.  3     Photoreduction  of  Flavin 
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scaftered  light  is  shown  by  the  dashed  line.    The  curves  show  how  the  fluor- 
escence diminishes  during  illumination,  but  reappears  after  a  dark  interval. 

We  can  also  use  visible  light  for  the  photoreduction,  and  follow  the  dark 
reoxidation  by  taking  readings  at  intervals  with  a  very  small  amount  of 
fluorescence-exciting  light.    The  measurements  made  in  Fig.  4  were  ob- 
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Fig.  4    Effect  of  Cyanide  and  Azide  on  Photoreduction  and  Dark  Reoxi- 
dation of  FMN 


tained  in  this  way.    This  experiment  was  done  to  show  how  reagents  which 
inhibit  catalase  delay  the  unnecessary  back  reaction.    Three  different  cu- 
vettes were  set  up  under  argon  with  identical  chloroplast  plus  flavin  reac- 
tion mixtures,  except  that  one  contained  cyanide  in  addition,  one  azide, 
and  one,   no  inhibitor.    All  cuvettes  were  exposed  to  the  same  amount  of 
light  during  the  period  indicated  by  the  dashed  line.    Conditions  used  were 
selected  to  show  how  both  cyanide  and  azide  cause  an  apparent  enhance- 
ment of  the  photoreduction  of  flavin.    They  assuredly  do  this  by  inhibiting 
the  unnecessary  back  reaction.    That  is,  the  dismutation  of  flavin  to  re- 
duced flavin  and  H^O^  appears  to  occur  faster  than  the  simple  Hill  re- 
action, because  0_  reoxidizes  reduced  flavin  faster  than  does  H_0„. 
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To  convince  oneself  that  the  reoxidation  is  inhibited  by  azide,  one  must 
compare  rates  starting  from  the  same  oxidation-reduction  level  of  flavin. 
The  much  greater  inhibition  seen  with  cyanide  than  with  azide  is  due  to  the 
fact  that  cyanide  has  a  separate  effect.    With  cyanide,  the  oxidant  (O^, 
H^O^  or  oxidized  FMN)  eventually  disappears  under  illumination,  by 
dation  of  some  reductant  furnished  by  the  chloroplasts.     Such  a  consumption 
of  oxidant  occurs  in  the  absence  of  cyanide  too,  but  much  more  slowly. 
Azide  does  not  enhance  this  disappearance  of  oxidant. 


2' 
oxi- 


PHOTOPHOSPHORYLATION 

All  of  the  facts  mentioned  in  the  preceding  section  can  be  correlated 
with  the  effect  of  cyanide  and  azide  on  FMN-supported  photophosphoryla- 
tion,  to  prove  that  it  is  oxidized  FMN  which  is  required  for  the  phosphoryl- 
ation reaction.    Thus  cyanide  causes  a  striking  increase  in  the  inhibitory 
effect  of  anaerobiosis  on  ATP  synthesis,  whereas  azide  has  no  such  action. 

If  the  photophosphorylation  is  carried  out  in  CO^-HCO„  buffer,  the 
disappearance  of  acid  during  ATP  synthesis  leads  to  an  uptake  of  CO^ 
which  can  be  followed  manometrically.    An  experiment  done  in  this  way  is 
shown  in  Fig.  5.     In  this  experiment,  two  identical  reaction  mixtures  were 
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Fig.  5    Reactivation  of  Photophosphorylation 
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(12) 
set  up         .    The  contents  of  one  of  the  vessels  were  analyzed  for  phosphate 

at  the  point  where  the  manometrlc  changes  showed  that  ATP  had  reached  a 

maximum  (ATP-ase  can  also  be  followed  with  this  procedure).    At  the  same 

time,  more  FMN  was  added  from  the  side-arm  of  the  other  vessel,  to  show 

how  the  phosphorylation  was  reactivated  by  this  reagent.     Examination  of  the 

flavin  fluorescence  at  the  first  inhibition  point  revealed  that  the  flavin  was 

almost  completely  reduced,  and  that  it  remained  reduced  even  when  the 

light  was  turned  off. 

The  important  discovery  of  chloroplast  photophosphory lotion  by  Arnon  ap- 
pears to  have  lent  great  complexity  to  the  Hill  reaction.     In  connection 
with  the  complexity,    I  have  a  bad  conscience,  and  I  should  like  to  make  a- 
mends  here.    After  Arnon  hod  distinguished  between  stoichiometric  and 
cyclic  photophosphorylation,  we  suggested  that  one  might  differentiate  a 
third  kind,  which  we  called  oxidative  photophosphorylation.     Krogmann  had 
made  a  study  of  indophenol  supported  photophosphorylation  in  my  laboratory, 
and  we  were  struck  by  the  O^  requirement  for  photophosphorylation  sup- 
ported by  indophenol  dyes.    This  was  at  a  time  when  there  was  a  great  em- 
phasis on  anaerobic  cycles  with  other  cofactors  for  photophosphorylation, 
and  I  thought  that  the  indophenol  system  must  be  different.     I  am  convinced 
now  that  the  apparent  greater  requirement  of  the  indophenol  system  for  O^ 
under  some  conditions  is  due  to  the  fact  that  this  reagent  is  less  readily  oxi- 
dized than  a  reagent  like  flavin. 

I  would  therefore  like  to  withdraw  the  suggestion  that  we  differentiate 
oxidative  photophosphorylation  from  non-oxidative.     I  am  not  repudiating 
data,  but  the  judgment  about  selecting  a  new  name.     One  shouldn't  com- 
plicate terminology  beyond  necessity.    At  the  present  time  I  think  that  all 
photophosphorylation  is  oxidative,   in  the  sense  that  it  occurs  when  a  suitable 
reductant,  formed  in  the  light,   is  oxidized  by  the  oxidized  form  of  a  Hill  re- 
agent.    Seeri  inthis  light,   photophosphorylation  is  a  "substrate"  phosphoryl- 
ation'     '        ' .     It  appears  to  me  that  most  of  the  phenomena  studied  in  con- 
nection with  photophosphorylation  are  compatible  with  this  view,  and  that 
none  disprove  it. 

I  believe  further  that  the  catalytic  cofactors  function  by  a  process  which 
involves  evolution  and  reconsumption  of  oxygen.    Either  of  these  two  reac- 
tions may  be  rate-limiting  for  the  cycle.     It  is  consequently  to  be  expected 
that  an  inhibitor  of  the  oxygen-evolving  step  might  be  less  effective  under 
"anaerobic"  than  under  "aerobic"  conditions.     This  may  not  be  the  only 
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reason  for  diminished  sensitivity  to  orthophenonthroline  under  anaerobic 
conditions,  but  it  is  surely  one  of  them.    The  important  fact  to  focus  on  is 
that  sufficient  concentrations  of  orthophenonthroline  will  always  inhibit 
photophosphorylation  substantially.     In  this  connection,   I  regard  it  as  un- 
fortunate that  the  substituted  ureas  ore  so  often  used  in  preference  to  ortho- 
phenonthroline.   These  reagents  have  a  limited  solubility,  and  it  may  be 
impossible  for  that  reason  to  odd  them  in  amounts  sufficient  to  show  the  in- 
hibition of  the  oxygen-evolving  step. 

I  have  tried  to  cover  the  field  broadly,  to  elucidate  the  experimental 
basis  for  Warburg's  theories  about  photosynthesis,  and  the  manner  In  which 
these  theories  are  applied  to  interpret  the  phenomena  we  study  in  isolated 
chloroplosts.    We  think  of  the  chemical  consequences  of  photon  absorption 
in  terms  of  chlorophyll  and  substrate  first,  rather  than  In  terms  of  chloro- 
phyll and  the  respiratory  catalysts.    The  latter  substances  must  function  in 
the  necessary  back  reaction  or  reoxidotlon.    The  cycling  process  in  illu- 
minated grona  is  visualized  in  terms  of  a  release  of  O^  from  the  activated 
CO^-substrate,  and  a  reoxldotion  of  the  reduced  substrate  by  the  O2.    This 
picture  is  consistent  with  the  observed  behavior  in  measured  light  oflhe  gas 
exchange  in  intact  photosyntheslzing  Chlorella,  and  is  not  refuted,  so  far 
as  I  con  see,  by  any  of  the  facts  that  have  been  accumulated  with  C      ,  or 
with  highly  sensitive  spectrophotometric  measurements,  or  with  any  other 
analytical  technique. 


(1) 

(2) 

(3) 
(4) 
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(6) 


REFERENCES 

Warburg,   O.,   Burk,   D.,   Schocken,  V.,   Korzenovsky,   M.,  and 
Hendricks,  S.B.,  Arch.  Biochem.,  23,  330  (1949). 

Warburg,   O.,   New  Methods  of  Cell   Physiology,   Interscience,   New 
York  (1962),  especially  p.  625. 

Warburg,  O.,  and  Krippahl,   G.,  Z.  Naturforsch. ,   15b,  788  (1960). 

Warburg,   O.,   Krippahl,   G.,   Schroder,  W.,  and  Buchholz,  W.,  Z. 
Naturforsch.,  9b,  769  (1954). 

Bassham,  J. A.,  Adv.  Enzymology,  25,  39(1963). 

Warburg,   O.,   personal  communication. 


435 


Birgit  Vennesland 

^^^    Warburg,  O.,  and  Krippahl,  C,  Z.  Naturforsch.,   13b,  509  (1958). 
^^^    Warburg,  O.,  and  Krippahl,   G.,  Z.  Naturforsch. ,   15b,  367  (1960). 
Warburg,  O.,  and  Krippahl,  G.,  Z.  physiol.  Chem.,  332,  225  (1963). 

^^^^    Stern,   B.K.,  and  Vennesland,   B.,  J.  Biol.  Chem.,  237,  596  (1962). 

(11)    n    r  (2) 

^     '    Reference  ^  ',  p.  606. 

(12) 

Vennesland,   B.,   Gattung,   H.-W.,  and  Birkicht,   E.,   Biochim.  et 

Blophys.  Acta,  66,  285  (1963). 

Rererence        ,   p.  6zz. 

(14) 

Stiller,  M.,  and  Vennesland,  B.,   Biochim.  et  Blophys.  Acta,  60, 

562  (1962). 


ACKNOWLEDGMENT 

The  experiments  described  have  been  done  In  the  Max-Planck  Institute 
for  Cell   Physiology  in  Berlin.    The  author  Is  deeply  indebted  to  Professor 
Warburg  for  guidance. 

The  author  Is  also  supported  by  a  grant  from  the  Division  of  General 
Medical  Sciences,  U.S.   Public  Health  Service. 


UTILIZATION  OF  FAR-RED  LIGHT  BY  GREEN  ALGAE  AND  THE 
PROBLEM  OF  OXYGEN  EVOLUTION 

H.    Gaffron,  W.  Wiessner  and  P.   Homann 


The  overriding  interest  in  recent  research  on  photosynthesis 
of  green  plants  (in  contrast  to  that  of  bacteria)  is  the  action  of 
monochromatic  light  of  different  wavelengths  and  the  nature  of  the 
Emerson  effect.     The  latter  is  defined  as  the  inefficiency  of 
absorbed  light  beyond  X  700  mp.  in  promoting  normal  photosyn- 
thesis and  the  partial  restoration  of  this  low  efficiency  when  light 
of  shorter  wavelengths  is  given  simultaneously.     The  work  sum- 
marized below  gives  a  possible  answer  to  the  question  whether 
the  energy  of  far-red  light  is  mainly  lost  unless  combined  with 
the  energy  contained  in  larger  light  quanta,   or  whether  the 
absence  of  oxygen  evolution  only  means  that  as  the  result  of 
monochromatic  illumination  beyond  X  700  mfjt  another  metabolic 
process  takes  over  which  is  not  connected  with  a  visible  gas 
exchange.     There  are  no  observations  which  prove  that  light  of 
wavelengths  longer  than  X  700  m|jL  can  by  itself  support  a  com- 
plete metabolic  process  in  normal  intact  green  algae.     Such  a 
metabolism  ought  to  be  sufficiently  different  from  photosynthesis 
so  as  not  to  require  a  concomitant  evolution  of  oxygen,   i.  e.  ,   it 
should  resemble  at  least  outwardly  the  photometabolism  of  purple 
bacteria.     Photoreduction  with  hydrogen  in  adapted  algae  and 
photometabolism  of  acetate  fulfill  this  postulate.     We  have  found 
that  both  can  be  promoted  very  efficiently  by  far-red  light  alone. 

PHOTOREDUCTION  WITH  HYDROGEN  IN  THE  NEAR  INFRARED 

The  gas  exchange  in  a  suspension  of  Scenedesmus  cells  in 
very  weak  bicarbonate  buffer  under  H2;  4%  CO2  is  measured 
either  manometrically  or  by  means  of  a  glass  electrode  which 
records  pH  changes.     With  unadapted  cells  a  normal  rate  of 
photosynthesis  can  easily  be  demonstrated  with  visible  light  of 
a  wavelength  which  is  absorbed  by  the  algae  as  weakly  as  light 
at  X  705  m|j..     In  the  far-red  of  equal  intensity  oxygen  evolution 
and  carbon  dioxide  reduction  proceed  very  poorly.     When  both 
lights  are  superimposed  the  yield  is  clearly  much  better  than  the 
sum  of  the  yields  obtained  by  each  of  the  two  lights  alone. 
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After  adaptation  in  hydrogen  the  state  of  affairs  is  reversed,   i.e.  , 
the  efficiency  in  the  shorter  wavelength  region  is  dften  much 
less  than  before  and  the  far-red  light  has  become  surprisingly 
efficient.     (Exact  quantum  yields  have  still  to  be  determined. ) 
The  combined  illumination  does  not  produce  the  enhancement 
seen  under  aerobic  conditions.     Instead  we  often  observed  that 
mixing  short  and  long  wavelength  lights  seemed  to  lower  the 
efficiency.     Data  published  elsewhere  by  Bishop  and  Gaffron 
show  that  any  conditions  which  aerobically  diminish  oxygen 
evolution,    such  as  poisons,   Mn  deficiency,   or  genetic  changes, 
leave  the  photoreductive  COn  fixation  as  efficient  in  the  infrared 
as  it  is  in  visible  light.     It  follows  that  complete  carbon  dioxide 
assimilation  into  the  usual  reduced  products  is  possible  with 
near  infrared  light,   provided  that  there  is  no  need  to  eliminate 
the  equivalent  amount  of  oxygen  as  free  gas. 

ASSIMILATION  OF  ACETATE  IN  THE  NEAR  INFRARED 

The  alga  Chlamydobotrys   needs  acetate  and  light  for  growth. 
Its  respiration  in  the  dark  cannot  replace  the  action  of  light. 
This  organism,   first  described  by  Pringsheim  and  Wiessner  and 
studied  intensively  by  Wiessner,   was  subjected  to  the  same 
tests  as  the  Scenedesmus  described  above.     But  in  contrast  to 
the  behavior  of  the  adaptable  algae  there  was  no  need  for 
anaerobic  treatment.     Comparing  the  efficiency  of  acetate  assimi- 
lation at  various  points  in  the  shorter  wavelength  region  {\  680, 
660,    620,    547  and  450  m[i)  and  at  X  705,    723  and  740  m^L,   we 
found  that  in  the  region  where  in  the  better  known  green  plants 
the  efficiency  of  photosynthesis  is  high,   that  of  acetate  assimi- 
lation in  this  peculiar  organism  is  low.     It  rises  steeply, 
however,    in  the  far-red  when  the  chlorophyll  a  peak  at  X  685  mfx 
has  been  passed. 

Wiessner  found  earlier  that  in  presence  of  carbon  dioxide 
(which  normally  is  not  needed  when  the  algae  are  grown  in  air) 
Chlamydobotrys   can  do  some  orthodox  photosynthesis,   just 
enough  to  keep  it  alive  when  it  lacks  acetate.     We  observed  that 
the  acetate  assimilation  in  the  infrared  stops  immediately  when 
air  is  replaced  by  nitrogen.     But  half  a  per  cent  of  carbon  dioxide 
relieves  the  anaerobic  inhibition.     This  relief  occurs  only  when 
visible  light  of  shorter  wavelength  is  superimposed  on  the  far- 
red  light.     Thus  anaerobically  we  see  a  reversed  Emerson  effect. 
Under  these  conditions  acetate  assimilation  remains  poor  with 
\  723  m^.  alone.     Light  absorbed  in  this  region  apparently  does 
not  produce  the  oxidative  power  needed  to  promote  continuous 
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acetate  assimilation.     Light  at  X  650  mfx  alone  showed  the  same 
inefficiency  betause  the  pigment  which  works  mainly  in  the 
infrared  (and  presumably  is  needed  for  acetate  assimilation) 
receives  little  energy.     With  both  lights  together  the  rate  of 
acetate  assimilation  is  drastically  enhanced.     (At  high  intensities 
of  visible  light  we  may  assume  a  sufficient  energy  transfer  so 
as  to  produce  some  deviations  from  the  behavior  just  described.) 

HYPOTHESIS 

The  simplest  interpretation  of  the  phenomena  described  above 
would  be  to  say  that  the  pigment  absorbing  at  X  700  -  740  m\x 
specializes  in  forming  ultimately  ATP  through  cyclic  phosphory- 
lation,  and  that  it  acts  as  pigment  system  I  when  coupled  to 
activated  pigment  system  II.     (See  the  articles  by  Witt,   Kok, 
Duysens  in  this  book. )    No  theoretical  picture  suits  the  photo- 
metabolism  of  acetate  in  Chlamydobotrys  better  than  that  of  two 
pigments,   presumably  two  chlorophylls,   which  specialize  in 
different  photochemical  reactions.     The  photosynthetic  green 
algae  rely  mainly  on  that  one  which  is  indispensable  for  oxygen 
evolution.     The  acetate  assimilating  algae,   however,   depend 
under  aerobic  conditions  mainly  on  an  infrared  absorbing  chloro- 
phyll which  specializes  in  the  formation  of  ATP. 

But  if  the  acetate  assimilation  has  to  proceed  under  anaerobic 
conditions  the  rate  limiting  factor  for  this  metabolic  process  is 
its  very  low  capacity  for  producing  oxidative  power  at  wavelengths 
beyond  X  700  m^.  where  as  we  assume  ATP  formation  is  the  main 
consequence  of  the  primary  light  reaction.     Correspondingly  the 
weak  ATP  formation  at  shorter  wavelengths  limits  the  rate  of 
acetate  assimilation  even  under  aerobic  conditions.     It  follows 
that  illumination  with  light  in  the  visible  region,   together  with 
that  beyond  X  700  m|j.,   is  likely  to  promote  the  most  efficient 
assimilation  of  acetate.     That  red  light  beyond  X  700  m\x  supports 
ATP  formation  in  chloroplasts  better  than  oxygen  production  has 
already  been  shown  by  Hoch  and  quite  recently  by  Arnon. 

The  strength  of  the  coupling  between  systems  I  and  II  may 
vary  from  alga  to  alga  according  to  whether  they  are  in  the  habit 
of  assimilating  mainly  carbon  dioxide,   or  acetate,   or  able  to 
switch  reversibly  between  photosynthesis  and  photo  reduction.     A 
drop  in  overall  efficiency  can  be  expected  whenever  the  specific 
metabolic  processes  connected  to  both  systems  are  not  properly 
adjusted  to  one  another  either  in  respect  to  reaction  velocities 
or  to  the  nature  of  the  products. 
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OXYGEN  EVOLUTION 

Some  time  ago  Bishop  in  our  laboratory  showed  that  the  her- 
bicidal  action  of  DCMU  and  other  substituted  ureas  is  due  to 
their  ability  to  inhibit  specifically  the  oxygen  evolving  process  in 
green  plants.     Oxygen  evolution  is  completely  inhibited  by  DCMU 
concentrations  as  low  as  10"^  M.     The  same  concentration  of 
this  poison  also  stops  the  anaerobic  acetate  assimilation  of 
Chlamydobotrys.    This  observation  furnishes  one  important  support 
for  our  assumption  that  an  intact  oxygen-evolving  system  is 
needed  for  the  acetate  photometabolism  when  no  external  oxygen 
is  available. 

Recent  re-investigations  on  the  light-induced  evolution  of 
hydrogen  by  adapted  algae,   first  observed  by  Rubin  and  Gaffron, 
have  led  to  the  discovery  that  this  hydrogen  evolution  in  the 
presence  of  uncouplers  of  phosphorylation  is  nearly  always 
accompanied  by  a  simultaneous  evolution  of  some  oxygen.     As 
Bishop  reports  elsewhere  in  this  volume,   the  knallgas  evolution 
by  adapted  algae  (first  seen  in  adapted  Chlorella  by  Spruit) 
depends  on  an  intact  oxygen  evolving  system. 

While  the  absorption  of  hydrogen  during  photoreduction  is 
completely  unaffected  by  DCMU,    its  evolution  was  found  to  be  as 
sensitive  to  this  poison  as  photosynthesis  itself.     Without  going 
into  details,  we  may  say  that  a  simultaneous  production  of  hydro- 
gen and  oxygen,   often  in  a  ratio  2:1,   under  conditions  when 
synthetic  processes  are  severely  curtailed,    strongly  suggest  that 
a  photolysis  of  water  is  the  very  first  result  of  the  cooperation 
between  the  primary  processes  in  pigment  systems  I  and  II. 

Where  DCMU  and  the  other  substituted  ureas  interfere  with 
the  free  flow  of  electrons  within  the  presently  accepted  two  pig- 
ment system  is  not  known.     There  is  unanimity  that  the  inhibition 
disturbs  the  path  of  oxygen  near  the  end  point,  where  an  oxidized 
photoproduct  dismutates  to  free  oxygen  gas.     Manganous  ions 
apparently  act  as  a  part  of  the  enzymatic  system  which  releases 
oxygen,    as  Kessler  has  shown  in  our  laboratory.     Therefore 
Homann  began  to  investigate  the  influence  of  the  substituted 
ureas  on  an  artificial  photoreactive  system  where  manganous  ions 
play  the  role  of  very  specific  catalysts.     In  the  reaction  mixture 
under  study,    2,  3  diketogulonic  acid  is  photoxidized  in  the 
presence  of  light-excited  flavin  molecules,   manganous  ions  and 
oxygen.     The  observed  effect  of  the  substituted  ureas  on  this 
photoreaction  was  unexpected.     Instead  of  reacting  with 
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manganese  in  some  manner  as  Gaffron  had  assumed,   Homann  dis- 
covered that  it  was  the  excited  flavin  molecules  whose  sensi- 
tizing actions  were  strangely  altered.     A  short  description  of 
these  experiments  has  recently  appeared  in  "Science".     Let  us 
point  out  only  the  far-reaching  implications  which  would  arise 
if  indeed  these  in  vitro  experiments  had  anything  in  common  with 
the  oxygen  liberating  reactions  in  green  plants.     No  other  sen- 
sitizing dyes  showed  remotely  the  affinity  for  the  substituted 
ureas  which  flavins  display  in  aerobic  as  well  as  in  anaerobic 
light  reactions.     In  several  enzymatic  dark  reactions  in  which 
flavin  is  required  for  the  activity  of  the  enzyme,    DCMU  had  no 
detectable  effect.     It  is  the  light-excited  flavin  which  falls 
prey  to  the  specific  affinity  of  the  substituted  ureas.     This  affi- 
nity results  in  an  interaction  with  the  electron  transfer  from  the 
reducing  substrate  to  the  dye  or  in  a  protection  against  the 
quenching  of  the  triplet  state  by  oxygen  or  iodide,  which  may  go 
together  with  an  influence  on  the  catalytic  effectiveness  of  the 
manganous  ions. 

We  would  like  to  explain,   of  course,   the  parallelism  we  have 
found  between  the  action  of  DCMU  in  our  in  vitro  experiments 
and  its  well-established  effects  in  vivo. 

The  problem  we  are  up  against  is  to  find  out  how  possibly  an 
electronically  activated  flavin  could  be  so  intimately  connected 
with  that  specific  reaction  sequence  which  leads  to  the  release 
of  free  oxygen  and  which  seems  to  be  the  exclusive  prerogative  of 
system  II,   if  we  accept  the  now  prevailing  ideas  on  the  mechanism 
of  photosynthesis. 


ON  THE  INTERRELATION  OF  THE  MECHANISMS  FOR  OXYGEN  AND  HYDROGEN 
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In  19^2  Gaffron  and  Rubin  discovered  that  anaerobically  adapt- 
ed cultures  of  the  green  alga,  Scenedesmus  obliquus,  strain  D^, 
in  the  absence  of  carbon  dioxide,  produced  molecular  hydrogen  in 
the  lightvO.  A  few  years  later  a  similar  process  was  found  to 
be  a  part  of  the  metabolism  of  certain  photosynthetic  bacteria^  '. 
In  the  intervening  years  only  sporadic  studies  have  been  conduct- 
ed on  the  process  as  carried  out  by  green  algne,  but  the  process 
of  hydrogen  evolution  in  bacteria  has  been  intensively  studied  by 
Kamen,  Gest  and  a  number  of  their  students.  As  a  consequence,  it 
has  been  generally  assumed  that  the  mechanism  of  hydrogen  produc- 
tion in  the  two  different  systems  was  probably  identical.   Hov;- 
ever,  Spruit's  studies  on  the  anaerobic  gas  metabolism  of  illumi- 
nated Chloral  la  Indicated  that  this  was  an  assumption  still  open 
to  question.   He  observed  what  appeared  to  be  a  simultaneous 
production  of  hydrogen  and  oxygen  and  hesitantly  suggested  that 
both  gases  arose  via  the  photolysis  of  water''-^'.   Hov/ever,  he  fa- 
vored the  alternate  hypothesis  that  the  two  gases  arose  via  dif- 
ferent pathways,  i.e.,  oxygen  arose  from  an  endogenous  Hill  reac- 
tion while  hydrogen  came  from  the  dehydrogenati on  of  some  unknown 
hydrogen  donor. 

While  studying  the  physiological  characteristics  of  certain 
photosynthetic  mutants  recently  induced  and  Isolated  In  this  lab- 
oratory, studies  on  the  mechanism  of  hydrogen  production  in  green 
algae  have  been  resumed.   It  is  the  purpose  of  this  communication 
to  demonstrate  the  strong  interdependence  between  the  mechanisms 
for  the  production  of  hydrogen  and  of  oxygen.   if  all  the  major 
synthetic  reactions  of  Scenedesmus  are  eliminated  or  inhibited, 
the  chlorophyll  system  will  evolve  upon  illumination  both  molecu- 
lar hydrogen  and  molecular  oxygen.   Any  condition  which  is  known 
to  block  preferentially  the  mechanism  of  oxygen  evolution  equally 
Inhibits  the  mechanism  for  hydrogen  formation. 
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GENETIC  BLOCK  OF  OXYGEN  AND  HYDROGEN  PRODUCTION 


Recently,  a  mutant  of  Scenedesmus  (mutant  11)  has  been  de- 
scribed which,  while  unable  to  evolve  oxygen  either  in  photosyn- 
thesis or  in  the  quinone-Hill  reaction,  is  fyJJy  equipped  to 
assimilate  carbon  dioxide  via  photoreducti on ^  ' .   Despite  the 
presence  of  an  active  hydrogenase  and  the  ability  to  utilize  ex- 
ternal hydrogen,  adapted  suspensions  of  this  mutant  do  not  evolve 
hydrogen  photochemi cal 1 y.   The  capacity  of  the  parent  strain  of 
Scenedesmus  and  mutant  11  to  evolve  hydrogen  in  the  dark  and  In 
the  light  are   compared  in  Fig.  1.   The  genetic  alteration  produces 
a  two-fold  effect:   hydrogen  is  not  evolved  in  the  light  and  the 
small  rate  of  hydrogen  production  in  the  dark  (which  is  identical 
to  the  reaction  of  the  parent  strain)  is  abolished  in  the  light. 


Three  other  mutant  strains  resemble  mutant  /^l  1  .   In  the  light 
they  are   neither  able  to  evolve  oxygen  aerobically  (these  will  be 
termed  "oxygen  mutants"),  nor  produce  hydrogen  anaerobi cal 1 y. 
Their  capacities  for  hydrogen  formation  are  summarized  in  Table  1. 

Table  I.   Gas  Metabolism  of  Adapted  "Oxygen  Mutants"  of 

Scenedesmus  D'j 


Conditions               Strains  of  Scenedesmus 

Observation 
Time 

SCD3  -  Parent 

SCD3  -  kj 

SCD3  -  ko 

SCD3  -  a' 

mm3  Gas  Liberated 

Dark   2  hours 

k.2 

3.1 

5.2 

5.2 

Light   1  hour 

20. i+ 

0 

2A 

0 

1000  ul  cells  in  3  cc  of  0.05  M  phosphate  buffer,  pH  =  6.5.   Tem- 
perature =  25°C.   Gas  Phase  =--   N2.   0.2  cc  19%  KOH  in  center  well 
of  each  vessel,   CCP  (final  concentration  =  lO'^M)  added  after 
adaptation.   Period  of  adaptation  -    ]h   hours.   Light  Intensity  = 
300  lux. 
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Fig.  1.   Curves  illustrating  the  dark  and  light  production  of 

hydrogen  gas  by  Ho  adapted  normal  and  mutant  type  Scene- 
desmus.  0  0;  "wild  type"  •  

1 1 . See  Table  I  for  experimental  conditions. 
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Fig.  2.   The  influence  of  DCMU  on  hydrogen  production  by  adapted 
cells  of  Scenedesmus .   0  0;  Control, 
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Additional  mutant  strains  of  Scenedesmus  have  been  isolated  in 
which  the  genetic  block  resides  in  the  carbon  dioxide  reducing 
side  of  photosynthesis  (to  be  referred  to  as  "carbon  dioxide  mu- 
tants"). All  of  these  evolve  oxygen  in  the  quinone-Hill  reaction 
and  produce  hydrogen  in  the  light  under  the  appropriate  circum- 
stances (Table  II). 


Table  II.   Gas  Metabolism  of  Adapted  Carbon  Dioxide  Mutants 

of  Scenedesmus  Do 


Condi  tions 

Strains  of  Scenedesmus 

Observation 
Time 

SCD3  -  8 

SCD3  -  17 

SCD3  -  18 

SCD3  -  26 

mm^  Gas  Liberated 

Dark   2  hours 

3.2 

3.5 

4.3 

4.3 

Light   1  hour 

13.2 

24.3 

27.0 

3.4 

1000  ul  cells  in  3  cc  of  0.05M  phosphate  buffer,  pH  =  6.5.  Tem- 
perature =  25°C.   Gas  Phase  =  N2.  0.2  cc  10%  KOH  in  center  well 
of  each  vessel.   CCP  (final  concentration  =  lO'^M)  added  after 
adaptation.   Period  of  adaptation  =  l4  hours.   Light  Intensity  = 
900  lux. 


From  such  observations  the  following  question  becomes  apparent; 
How  close  a  correlation  exists  between  the  capacity  for  oxygen 
evolution  and  that  for  hydrogen  evolution  in  a  normal  cell?  To 
explore  this  possible  relationship  further,  other  situations  were 
examined  wherein  the  mechanism  of  oxygen  evolution  is  believed  to 
be  specifically  blocked  to  determine  if  a  parallel  inhibition  of 
photohydrogen  production  also  occurs. 
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THE  EFFECT  OF  INHIBITORS  WHICH  PREVENT  OXYGEN  EVOLUTION 
ON  PHOTOHYDROGEN  FORMATION 

Poisons  that  specifically  inhibit  oxygen  evolution  while  leav- 
ing photoreducti  on  undisturbed  have  been  known  for  some  time^-''. 
The  most  effective  ones  in  this  respect  are  certain  substituted 
phenylureas  ^    ' . 

When  such  an  "oxygen  poison"  is  added  to  normal,  adapted  algae, 
little  or  no  hydrogen  is  evolved  in  the  light  as  compared  to  the 
control,  regardless  of  the  light  intensity  (Fig.  2),   At  a  OCMU 
concentration  of  6  x  10"5m,  where  under  aerobic  conditions  photo- 
synthesis would  be  completely  blocked,  no  hydrogen  production 
occurs.   At  lower  concentrations  of  DCMU  (6  x  lO'^M  and  6  x  10"' 
M) ,  photosynthesis  and  photohydrogen  production  are  inhibited  to 
the  same  degree. 

Simazine,  another  specific  inhibitor  of  oxygen  production^'', 
also  prevents  hydrogen  evolution.  The  results  obtained  with  this 
herbicide  were  indistinguishable  from  those  shown  in  Fig.  2  for 
DCMU. 

MANGANESE  DEFICIENCY  AND  HYDROGEN  EVOLUTION 

Manganese  deficient  cells  of  several  algae  are  known  to  have  a 
diminished  rate  of  photosynthesis  and  of  the  quinone-Hill  reaction 
while  in  algae  that  possess  an  adaptable  hydrogenase  the  capacity 
for  photoreducti on  of  carbon  dioxide  with  hydrogen  remains  unim- 
paired^"'^' ^^'  .   The  ability  of  manganese  deficient  cells  of  Sce- 
nedesmus  to  produce  hydrogen  photochemical 1y  was  tested  and  com- 
pared to  normal  cells  (Fig.  3).  Again  the  correlation  is  appar- 
ent that  the  capacity  to  evolve  hydrogen  in  the  light  parallels 
that  of  the  oxygen  evolving  system.   As  anticipated,  the  addition 
of  10~5m  MnCl2  to  deficient  cells  restores  equally  the  capacity 
for  hydrogen  and  oxygen  evolution. 

THE  SIMULTANEOUS  EVOLUTION  OF  HYDROGEN  AND  OXYGEN 

Horwitz  and  Allen  observed  that  the  activation  of  a  hydrogen- 
ase in  an  alga  does  not  necessarily  require  a  corresponding  inac- 
tivation  of  its  oxygen-evolving  systemv^O.   Photosynthesis  and 
photoreduction  can  proceed  simultaneously  as  long  as  the  emerging 
oxygen  does  not  inactivate  the  hydrogenase.   Thus  the  possibility 
had  to  be  considered  that  what  had  been  called  an  evolution  of  hy- 
drogen was  perhaps  the  evolution  of  both  hydrogen  and  oxygen.   If 
correct,  the  volume  of  gas  produced  during  a  light  period  should 
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Fig.  3.   The  effect  of  manganese  deficiency  on  the  hydrogen  meta- 
bolism of  adapted  Scenedesmus  cells,  with  and  without 

CCCP.   0  0,  Control  +  CCCP  (10"5m),  9  * 

control,  6  0,  manganese  deficient  cells  + 

CCCP,  t  •,  manganese  deficient  cells  only. 
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Fig.  k.      Anaerobic  gas  metabolism  of  adapted  Scenedesmus  in  the 
presence  of  alkaline  pyrogallol  and  palladium. 

0  ■  0,  Control  ,  d  9,  alkal  i  ne 

pyrogallol  in  center  well.   • •,  palladium 

on  scotch  tape  cylinder  in  center  well. 


447 


Norman  I.  Bishop  and  H.  Gaffron 


not  remain  constant  during  a  subsequent  dark  period,  but  rather 
diminish  on  account  of  the  oxy-hydrogen  reaction  which  ought  to 
occur  within  adapted  cells,  i.e.,  an  active  hydrogenase  would  be 
present.   Fig.  h   sums  up  the  results  of  three  experiments  which 
agree  fully  with  the  assumption  of  a  simultaneous  appearance  of 
the  components  of  water.   The  curves  indicate  three  ways  by  which 
oxygen  disappears  after  it  has  been  evolved.   The  shape  of  the  up- 
per curve  indicates  an  oxyhydrogen  reaction  inside  the  cells  them- 
selves.  This  reaction  starts  very  soon  after  the  beginning  of 
illumination  and  therefore  forms  a  continuous  part  of  the  gas  ex- 
change in  all  three  experiments  during  the  entire  period  of  obser- 
vation. The  middle  curve  represents  readings  obtained  from  a 
reaction  vessel  with  al kal i ne-pyrogal lol  in  the  side  arm.   Here 
the  greater  part  of  the  oxygen  evolved  should  be  removed  separate- 
ly, leaving  hydrogen  behind.   The  lower  curve  represents  the  same 
experiment  but  with  a  palladium  catalyst  in  the  center  wel  1 '^  '. 
Because  of  the  immediate  reformation  of  water  there  should  be  no 
measurable  gas  exchange  at  all.   This  is  approximately  true  after 
the  first  ten  minutes  of  illumination.   There  are  two  possible 
reactions  which  may  be  responsible  for  the  appearance  of  the 
"extra"  hydrogen  observed  in  this  experiment.   First,  excess  hy- 
drogen could  be  produced  via  a  photochemical  decomposition  of  an 
endogenous  hydrogen  donor,  as  it  occurs  in  purple  bacteria. 
Equally  probable  would  be  the  oxidation  of  the  internal  hydrogen 
donor  by  oxygen  or  its  inrnediate  precursor.   The  end  result,  in 
either  case,  would  be  a  shift  in  the  hydrogen-oxygen  stoichiomet- 
ry  in  favor  of  the  latter. 

COMPARISON  OF  EMERSON  ENHANCEMENT  EFFECTS  IN  PHOTOSYNTHESIS. 
PHOTOREDUCTION.  AND  PHOTOHYDRQGEN  PROQL'CTION 

Following  the  initial  experiments  of  Emerson  and  coworkers  on 
the  effect  of  the  simultaneous  addition  of  two  selected  wave- 
lengths of  light  on  the  quantum  yield  of  photosynthesis,  it  was 
v;idely  believed  that  the  Emerson  "enhancement"  phenomenon  would 
be  absent  in  photosynthetic  systems  in  v-;h  i  ch  oxygen  is  not  pro- 
duced, i.e.,  in  bacterial  photosynthesis  and  in  photoreducti on. 
Only  recently  have  the  experiments  been  performed  wherein  this 
"deduction"  has  been  conf i rmed(l 3. I^) , 

To  explore  further  the  hypothesis  that  the  mechanism  of  hydro- 
gen and  oxygen  evolution  at  least  share  steps  in  common,  adapted 
suspensions  of  Scenedesmus  were  irradiated  with  two  wavelengths 
of  light,  either  singly  or  combined,  which  produced  an  enhancement 
effect  in  photosynthesis.   Under  such  conditions  an  approximately 
equal  enhancement  of  photohydrogen  activity  was  observed.   To  the 
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contrary,  but  as  expected  from  previous  experiments,  photoreduc- 
tion  showed  no  such  stimulation  and,  at  times,  v;as  even  inhibited. 
These  data  are  summarized  in  Table  Ml. 


TABLE  Ml.   COMPARISON  OF  THE  EMERSON  ENHANCEMENT  EFFECT 
IN  PHOTOSYNTHESIS,  PHOTOREDUCTI ON,  AND  PHOTOHYDROGEN 
IN  SCENEDESMUS  D3. 


Wavelength  of 
Exci  ting  Li  ght 


Photoreduction 
(mm-^  gas 
uptake/hr) 


Photosvnthesi  s 
(mm^  gas 
uptake/hr) 


Photohydrogen 
Production 
ul  H2/hr 


640  mu 
705  tnu 
705  mu  +  640  mu 


54.6 
46.8 
80.6 


32 

8 

47 


26.6 

3.0 

38.0 


Ratio 


(640  +  705) 


(640) +(705) 


^=0.79 


40 


184=  1.28 
29.6 


INFLUENCE  OF  UNCOUPLERS  OF  PHOSPHORYLATION 


In  the  original  experiments  of  Gaffron  and  Rubin  di ni trophenol 
(DNP)  was  observed  to  exert  a  twofold  effect  on  the  hydrogen  meta 
holism  of  adapted  cells:  the  dark  formation  of  hydrogen  was  abol- 
ished but  photohydrogen  formation  was  markedly  stimulated.   This 
finding  gave  ample  proof  that  two  different  systems  were  function- 
ing in  algal  hydrogen  metabolism.   Because  of  the  difficulty  en- 
countered with  DNP  in  isolated  chloroplast  studies(15),  m-chloro 
carbonyl  cyanide  phenylhydrazone  (CCCP)  was  employed  to  study  the 
role  of  phosphorylation  in  photohydrogen  formation.   Heytler  re- 
cently discovered  that  this  compound  and  other  derivatives   are 
potent  uncouplers  of  phosphorylation  reactions  in  general^  ' . 
CCCP,  like  DNP,  inhibits  the  dark  formation  of  hydrogen  and  stim- 
ulates the  light  induced  hydrogen  production.  A  typical  experi- 
ment demonstrating  this  is  shown  as  part  of  Fig.  3.   It  is  clear 
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that  treatment  with  the  uncoupling  agent  enhanced  the  rate  3"'+ 
fold.   Nevertheless,  this  enhanced  rate  of  light  induced  hydrogen 
formation  remains  equally  sensitive  to  inhibition  by  DCMU  as  the 
non-stimulated  reaction.   CCCP  does  not  inhibit  the  quinone-Hill 
reaction  or  ferricyanide  reduction  by  spinach  chl oroplasts. 

Treatment  of  manganese  deficient,  and  therefore  poorly  synthe- 
sizing, cells  with  CCCP  stimulated  the  previously  small  rate  of 
Ho  production  (Fig.  3).   And  finally,  addition  of  CCCP  to  adapted 
"carbon  dioxide"  mutants  of  Scenedesmus  produced  the  increased 
rate  of  hydrogen  evolution,  but  no  effect  at  all  was  observed 
when  adapted  "oxygen"  mutants  were  treated. 

THE  LACK  OF  INFLUENCE  OF  FLUOROACETATE  AND  lODQACETATE 
ON  THE  PHOTOHYDROGEN  ACTIVITY  OF  SCENEDESMUS 

Gest  and  coworkers  have  recently  shov'/n  that  hydrogen  formation 
by  i^hodospi  r  i  1  lum  rubrum  occurs  in  part  via  an  "anaerobic  citric 
acid  cycle"  during  which  an  exogenous  hydrogen  donor  is  oxidized 
to  carbon  dioxide  and  hydrogen^ ''^' ^  °^  .   One  of  their  principle 
experimental  findings  to  substantiate  this  hypothesis  is  that 
fluoroacetic  acid  inhibits  hydrogen  formation  and  citric  acid  ac- 
cumulates.  In  preliminary  experiments  with  monof luoroacetate  and 
iodoacetate  no  inhibition  of  photohydrogen  evolution  was  observed. 
For  example,  at  concentrations  of  I oAA  which  abolished  photosyn- 
thesis (3  X  10"^/1)  no  inhibition  of  photohydrogen  activity  occur- 
red, but  rather  a  stimulation.   Similarly  10"^M  f luoroacetate, 
although  not  inhibitory  to  photosynthesis,  stimulated  but  did  not 
inhibit  the  production  of  hydrogen. 

MASS  SPECTROMETER  ANALYSIS 

Through  the  courtesy  of  Drs.  B.  Kok  and  G.  Hoch  some  prelimin- 
ary experiments  were  made  on  their  mass  spectrometer.   The  results 
confirmed  our  manometric  observation  (Figs,  1-^,  Tables  I  and  II) 
and  in  addition,  showed  that  in  normal,  adapted  Scenedesmus  oxy- 
gen, as  well  as  hydrogen,  is  produced.   These  data  revealed  a 
greater  complexity  and  variability  in  the  time  course  of  rates 
and  ratios  for  the  appearance  of  the  two  gases.   Similar  observa- 
tions were  made  a  few  years  ago  by  Spruit(3). 

CONCLUSIONS 

The  data  reported  here  require  an  interpretation  more  complex 
than  any  previously  offered  for  the  mechanism  of  the  production 
of  hydrogen  by  adapted  Scenedesmus  cells.   It  appears  quite  evi- 
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dent  that  there  is  niore  than  a  coincidental  relationship  betv^een 
a  cell's  capacity  to  evolve  oxygen  on  the  one  hand  and  hydrogen 
on  the  other.   The  data  obtained  from  mutants  whose  photosynthet ic 
apparatus  is  knovm  to  be  blocked  in  the  oxygen  pathway,  from  stu- 
dies with  known  poisons  of  the  oxygen  system,  and  from  manganese 
deficiency  experiments  support  this  conclusion.   In  addition,  the 
simultaneous  appearance  of  hydrogen  and  oxygen  under  adapted  con- 
ditions, as  determined  manometr  i  cal  1  y  and  also  v/ith  the  aid  of  the 
mass  spectrometer,  adds  further  evidence  to  the  hypothesis  that 
both  gases  appear  via  a  common  mechanism.   If  inc'eed  water  is  the 
substrate  of  both  hydrogen  and  oxygen,  then  the  ratio  of  the  am- 
ounts of  the  gases  formed  should  be  2.   However,  it  is  difficult, 
if  not  impossible,  to  determine  this  stoi chi ometry  in  a  system 
which  is  oxygen  starved.   Spruit,  in  attempts  to  measure  the  hy- 
drogen-oxygen ratio  obtained  the  theoretical  ratio. of  2  only  when 
he  subjected  adapted  cells  to  freezing  and  thawing^-^^.   It  was 
assumed  that  this  procedure  left  intact  and  active  only  that  por- 
tion of  the  photochemical  apparatus  responsible  for  the  photoly- 
sis of  water. 

Assuredly  the  mechanism  for  the  photochemical  production  of 
hydrogen  by  photosynthet i c  bacteria  has  been  more  thoroughly  stu- 
died than  the  algal  system,  and  from  the  work  of  Gest  and  cowork- 
ers good  evidence  is  available  as  to  the  possible  mechanism.   Can 
it  be  assumed  that  the  same  or  a  similar  mechanism  is  functional 
in  the  algal  system?   The  following  facts  suggest  that  the  answer 
to  this  question  must  be  in  the  negative:   (1)  Hydrogen  production 
in  the  bacterial  system  is  suppressed  by  nitrogen  and  inhibited  by 
ammonium  salts,  while  In  the  algae  the  procees  occurs  equally  well 
in  nitrogen  or  helium;  (2)  Uncouplers  of  cyclic  photophosphoryl a- 
tion  Inhibit  the  bacterial  reaction  but  stimulate  the  process  in 
Scenedesmus ;  (3)  Hydrogen  production  is  inhibited  by  all  condi- 
tions known  to  interfere  with  oxygen  evolution  while  the  bacterial 
system  is  not  inhibited  by  DCMU^^^^  and  a  manganese  dependency 
would  not  be  expected;   (A)  Fl uoroacetate,  which  has  been  shown 
to  be  a  potent  Inhibitor  of  the  bacterial  system  does  not  hinder 
hydrogen  evolution  by  Scenedesmus ;   (5)  and  finally,  the  hydrogen 
evolution  in  algae  requires  the  two  pigment  system,  i.e.,  shows 
the  Emerson  enhancement  phenomenon,  and  so  far  no  such  response 
has  been  detected  in  the  photosynthetic  bacteria. 

The  theoretical  meaning  of  these  experiments  on  the  simultan- 
eous evolution  of  hydrogen  and  oxygen  In  the  light  becomes  rather 
obvious  when  v.'e  consider  that  this  reaction  becomes  stronger  the 
more  other  chemical  consequences  of  the  primary  process  are    sup- 
pressed.  The  best  conditions  are  those  vjhere  no  reduction  of 
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carbon  dioxide  occurs,  no  added  compounds  are  present  that  could 
be  used  as  hydrogen  donors,  and  the  phosphoryl at i ng  system,  which 
is  assumed  to  function  in  a  cyclic  manner  and  thereby  serve  as  a 
short-circuit  between  the  photochemi cal ly  produced  reductant(s) 
and  oxidant(s),  is  uncoupled  by  certain  chemical  agents. 
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EFFECT  OF  LIGHT  ON  RESPIRATION 
G.  Krotkov 


During  this  symposium  it  has  been  sugp;ested  by  several 
speakers,  that  light  has  a  depressing  effect  on  respiration, 
as  measured  by  oxygen  absorption.   In  this  connection  some  of 
the  data  obtained  in  our  laboratory  is  of  interest. 

A  detached  tobacco  leaf  was  placed  in  a  closed  system,  and 
air,  with  the  initial  concentration  of  100  ppm  of  GO2  and  21^ 
of  O2,  was  circulated  over  it.   After  a  few  minutes  of  illum- 
ination the  lights  were  turned  off.   Figure  1  shows  observed 
changes  in  the  concentration  of  carbon  dioxide  around  the 
leaf  during  illumination  and  subsequent  dark  period. 

During  illumination  carbon  dioxide  content  of  air  decreased 
until  compensation  point  was  reached.   In  darkness  carbon 
dioxide  content  went  up,  its  initial  evolution  being  faster 
than  later. 

Figure  2  shows  the  rate  of  carbon  dioxide  evolution  in  dark- 
ness following  previous  illumination  at  different  light  inten- 
sities.  Within  the  first  minute  of  darkness  there  was  a  large 
outburst  of  carbon  dioxide  evolution,  the  magnitude  of  which 
was  directly  proportional  to  the  previous  light  intensity. 
This  was  followed  by  a  second  outburst,  which  was  much  smaller 
and  of  longer  duration.   The  steady  rates  of  carbon  dioxide 
evolution  in  the  dark  were  reached  after  about  six  minutes. 

When  these  experiments  were  repeated  at  concentrations  of 
oxygen  in  the  air  varying  between  2-1^7%   the  following  changes 
in  Figures  1  and  2  were  observed: 

(1)  In  light,  the  higher  was  the  oxygen  content  of  the  air 
the  higher  was  the  compensation  point.   Figure  3  shows  the 
relation  between  the  two.   Since  at  compensation  point  photo- 
synthetic  and  respiratory  rates  are  equal  one  can  conclude 
that  the  rate  of  carbon  dioxide  evolution  in  light  is  increased 
with  the  increasing  oxygen  content  of  the  air. 

(2)  In  dark,  the  magnitude  of  the  first  outburst  of  photo- 
stimulated  carbon  dioxide  evolution  was  also  directly  propor- 
tional to  the  oxygen  content  of  the  air.  As  is  seen  in 
Figure  4,  at  2%  oxygen,  it  was  completely  eliminated.  On  the 
other  hand  the  final,  steady  rates  of  dark  carbon  dioxide 
evolution  reached  after  six  minutes  were  unaffected  by  oxygen 
concentration. 

Comparable  results  have  been  obtained  using  several  other 
kinds  of  leaves  besides  those  of  tobacco. 
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From  the  observation  that  the  steady  rates  of  carbon 
dioxide  evolution  in  dark  are  not  affected  by  oxygen,  while 
those  in  lip;ht  are,  it  has  been  concluded  that  evolution  of 
carbon  dioxide  in  light  and  in  dark  is  the  result  of  two 
different  processes.   While  steady  rates  of  carbon  dioxide 
evolution  in  the  dark  represent  true  respiration,  evolution 
of  carbon  dioxide  in  the  light  does  not.   Tentatively  it  can 
be  called  either  a  "photorespiration"  or  still  better  simply 
"carbon  dioxide  evolution  in  the  light". 
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Fig.    1.     Absorption  and  evolution  of 
CO2  and  01^^02  by  a  detached  to- 
bacco leaf  in  light  and  dark. 
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Fig.    2.     Typical  records 
of  CO2  production  by 
tobacco  leaf  during 
the  dark  periods  fol- 
lowing illumination 
with  different  light 
intensities  . 
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Fig.  3.  Effect  of  O2  concentration  in 
air  upon  the  compensation  point  in 
light. 
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Fig.    4.     Effect  of  O^  concentration  in  air  upon  the  evolution  of  carbon 
dioxide  in  dark. 


VI.     FUNCTION  OF  PIGMENTS  AND  PIGMENT  COMPLEXES 


AGGREGATED  CHLOROPHYLL  IN  VIVO 
S.    S.    Brody  and  M.    Brody 


In  the  introduction  (Sections  I  and  II)  of  this  paper,    we  will  cite  some  of  the 
experimental  findings  which  have  been  (or  can  be)  interpreted  as  evidence  for 
the  existence  of  aggregated  forms  of  chlorophyll  in  solution  and  in  vivo. 
Although  the  in  vitro  systems  which  we  examine  involve  primarily  chlorophyll- 
chlorophyll  interactions,    while  those  in  vivo  most  likely  involve,    additionally, 
chlorophyll-protein  interaction,    we  contend  that  the  homogeneous    system  is 
the  principal  one  giving  rise  to  the  spectral  properties  seen  in  nature. 
Furthermore,    we  have  attributed  the  numerous  peaks  in  the  red  end  of  the 
absorption  spectrum  to    a)     the  transitional  distributions  of  chlorophyll 
aggregates  during  the  formation  of  the  pigment  system,    and    b)     to  the  dis- 
tributions of  chlorophyll  aggregates  characteristic  of  the  various  species  of 
photosynthetic  organisms  in  the"steady  state". 

In  the  body  of  this  paper,    (Sections  III  and  IV)  we  will  present  some  of  the 
recent  findings  in  our  laboratories.      Certain  aspects  of  these  lend  further 
support  to  our  contentions  about  the  existence  and  role  of  chlorophyll  aggre- 
gates in  photosynthetic  organisms. 

I.      EVIDENCE  FOR  THE  EXISTENCE  OF  AGGREGATED  FORMS 
OF  CHLOROPHYLL  IN  SOLUTIONS  AND  IN  LIVING  SYSTEMS 

A.      The  Aggregate  in  Solution 

1.      Evidence  Based  on  Emission:     Watson  and  Livingston  (56 ),    Lavorel(43), 
and  Weber  and  Teale  (59)  have  shown  that  the  fluorescence  yield  of  chloro- 
phyll in  solution  decreases  with  increasing  concentration  above  10"3m.      By 
assuming  the  formation  of  non-fluorescent  dimers  at  high  concentrations, 
and  calculating  the  amount  of  energy  transferred  to  them,    Weber  (57)  effect- 
ively accounted  for  the  observed  decrease  in  yield.      The  existence  of  the 
aggregated  species  predicted  by  these  workers  was  experimentally  demon- 
strated by  Brody  (  4  ).     He  observed  emission  from  an  aggregated  form  of 
chlorophyll  in  solution,    at  77°K,    and  reported  the  maximum  of  this  band  to  be 
at  720  mfjL.      Its  concentration  and  temperature  dependence  was  described  by 
Brody  and  Brody  (  9  ).     Its  low  temperature  emission  was  confirmed  by 
Butler  (16)  and  by  Stensby  and  Rosenberg  (52). 
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The  latter  workers  noted  (as  had  Brody  (4  ))  that  at  room  temperature  the 
emission  spectrum  from  concentrated  solutions  differed  from  dilute  solutions, 
but  they  attributed  the  difference  to  deformation  resulting  from  self-absorp- 
tion of  fluorescence,    rather  than  to  the  presence  of  the  aggregate.    While  the 
shift  of  the  main  emission  band  from  676  to  680  m|j.  -  in  going  from  dilute  to 
concentrated  solutions,  respectively  -  can  probably  be  attributed  in  large  part 
to  self-absorption,    the  shift  in  the  "secondary  peak"  from  728  to  734  m|jL  can- 
not be.     It  cannot  be,    because  at  room  temperature  there  is  no  significant 
absorption  at  wavelengths  longer  than  710  m|j.;  the  shift  has  to  be  attributed  to 
the  fornnation  of  another  fluorescent  species. 

It  remains  to  be  seen  if  the  difference  in  position  of  the  low  temperature 
emission  maximum  in  concentrated  solutions    -   reported  at  734  mfj.  by  Stensby 
and  Rosenberg  (52),    and  at  720  m^JL  by  Brody  (4,  9)   -  arises  simply  from  an 
instrumental  artifact  or  from  a  more  subtle  source. 

The  lifetime  of  emission  of  the  aggregate,  at  77    K,    has  recently  been 
redetermined  by  Butler  (17);  he  reports  it  to  be   several  nanoseconds,    in 
which  case,    emission  from  the  aggregate  probably  arises  from  a  singlet  state. 

2.      Evidence  Based  on  Absorption  Spectra:     Trurnit  and  Colmano  (53)  have 
found  that  by  compressing  monolayers  of  chlorophyll  it  is  possible  to  shift  the 
postion  of  the  red  absorption  maximum  to  675  mfjL  -  to  correspond  with  the 
position  of  the  maximum  in  Chlorella.      The  red  shift  is  accompanied  by  in- 
crease in  band  width  and  change  in  ratio  of  red/blue  absorption  maxima  - 
demonstrating  that  the  in  vivo  absorption  spectrum  can  be  simulated  solely 
by  chlorophyll-chlorophyll  systems. 

In  ethanolic  solutions  in  which  the  chlorophyll  concentration  is  greater  than 
lO'^M,    broadening  of  absorption  spectra  can  be  observed  at  room  tempera- 
ture (  6  ).     A  study  restricted  to  the  Soret  band  has  indicated  that  similar 
broadening  (24)  occurs  in  chlorophyll  dissolved  in  coUodian  when  the  concen- 
tration is  increased  from  10"^  to  5  x  10"      M;  these  experiments  could  not  be 
continued  to  higher  concentrations  because  of  high  optical  density. 

Stensby  and  Rosenberg  (52)  have  reported,    however,    that  at  room  temper- 
ature they  could  not  detect  a  change  in  the  red  absorption  band  of  chlorophyll 
in  ethanol  -  even  though  they  worked  with  concentrations  up  to  8  x  10"^  M. 
They  reported  that  at  higher  concentrations  undissolved  pigments  were 
observed.      We  have  recently  repeated  our  measurements  and  agree  with 
Stensby  and  Rosenberg  that  there  is  no  appreciable  change  in  the  red  region 
of  the  spectrum  at  concentrations  of  8  x  10'^  M.     However,    at  concentrations 
above   10"^  M,    we  find  the  same  general  features  as  we  reported  previously 
(6    )  (see  Fig.    1   for  our  recently  determined  absorption  spectrum.  ) 

Stensby  and  Rosenberg  do  find  evidence  for  the  aggregate  at  low  tempera- 
tures.     Their  absorption  spectrum  of  an  8  x  lO'^  m  ethanolic  solution  of 
chlorophyll  clearly  shows  an  absorption  band  with  a  maximum  at  705  mfi  at 
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Fig.    I.      Difference  in  absorption  between  dilute  (10"^M)  and  concentrated 
(8  X  10 '^M)   ethanolic  solutions  of  chlorophyll  a,    at  room  temperature. 


low  temperatures,    but  they  conclude  that  the  chlorophyll  dimer  is  formed  upon 
codling,    although  they  point  out  that  some  of  their  data  indicate  the  presence 
of  dimer  at  room  temperature  also.      (Another  possibility  is  that  upon  cooling 
the  dimer  band  undergoes  a  greater  shift  than  the  monomer  band.  ) 

3.     Evidence  Based  on  Fluorescence  Excitation  Spectra:     From  their 
studies  of  the  action  spectra  for  sensitization  of  chlorophyll  fluorescence  in 
highly  concentrated  solutions,    Lavorel  (43),    and  Weber  and  Teale  (59)  con- 
cluded that  dimers     of  chlorophyll  are  present  at  room  temperature.      They 
attributed  the  "long  wavelength  decline"  in  efficiency  of  sensitization  of 
fluorescence  to  an  absorption  band  of  a  nonfluorescent  chlorophyll  dimer. 

Low  temperature  (77    K)  fluorescence  excitation  spectra  have  been  deter- 
mined with  concentrated  solutions  of  chlorophyll  (  7  ).      That  there  is  a  marked 
difference  between  the  spectrum  for  exciting  emission  at  720,    and  for  excit- 
ing emission  at  680  m|j.,    suggests  that  emission  at  720  arises  from  a  speices 
other  than  monomeric  chlorophyll;  in  concentrated  solution  an  aggregate 
becomes   suspect.      (To  date,    these  excitation  spectra  have  not  been  analysed 
to  yield  their  various  components.) 

4.      Evidence  Based  on  Data  from  Other  Sources:    The  formation  of  chloro- 
phyll aggregates  in  acetone  at  concentrations  in  excess  of  2  x  10"      M  was 
reported  by  Rodrigo  (47).      From  measurements  of  light  scattering,    he 
determined  the  size  of  the  aggregate  as  a  function  of  concentration.        At 
9  X  10"^  M,    the  aggregate  seemed  to  reach  its  average  maximum  size  of 
three  chlorophyll  molecules. 

Aronoff  (3   )  has   studied  the  coUigative  properties  of  highly  concentrated 
solutions  of  chlorophyll  in  benezene  and  has  shown  that  aggregation  results 
in  the  formation  of  dimers,    and  that  larger  aggregates  are  of  negligible 
concentration.      It  remains  to  be  seen  whether  there  is  an  unique  size  of  aggre- 
gate formed  in  different  solvents,    e.  g.  ,    dimers  in  benzene,    trimers  in  ace- 
tone. 
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B.      The  Aggregate  in  Living  Systems 

1  .      Evidence  Based  on  Emission:    On  the  basis  of  the  affects  of  heating  and 
drying  on  fluorescence  of  green  leaves,    Seybold  and  Engle  (49)  proposed  the 
existence  of  two  forms  of  chlorophyll.      They  visualized  most  of  the  chloro- 
phyll as  being  in  a  nonfluorescent,    protein-bound  state  with  a  relatively  small 
fraction  dissolved  in  a  lipid  phase.      Franck  (25),    founding  his  considerations 
on  still  other  experimental  work,    presented  a  more  detailed  picture  in  which 
he  suggested  a  high  population  of  nonfluorescent,    "protected  chlorophyll"  not 
directly  connected  with  the  photochemistry  of  photosynthesis,    and  a  smaller 
population  of  fluorescent,    "unprotected  chlorophyll"  in  contact  with  water  and 
capable  of  sensitizing  photochemistry  in  vivo. 

Support  for  the  existence  of  more  than  one  species  of  chlorophyll  in  vivo 
also  comes  from  observations  of  fluorescence  during  the  greening  process  in 
a  wide  variety  of  organisms,  both  at  room  temperature  (27)  and  at  77°K 
(12,31,44,48). 

The  discrepancy  between  the  fluorescence  yield.s,  determined  directly  (41), 
and  from  measurements  of  fluorescence  lifetimes  (13),    was  also  interpreted 
as  evidence  for  the  existence  of  fluorescent  and  nonfluorescent  forms  of 
chlorophyll  in  vivo  (  9  ).      Brody  and  Brody  (  9  )   suggested,    however,    that  the 
fluorescent  form  (emitting  at  685  m|jL)  corresponds  to  a  monomer,    and  that 
the'hon-fluorescent'^fori-n  (not  contributing  to  emission  at  685  my.)  corresponds 
to  an  aggregate. 

The  many  similarities  between  low  tenriperatur e  emission  spectra  of  photo- 
synthetic  organisms  and  concentrated  solutions  of  chlorophyll  have  prompted 
the  suggestion  that  chlorophyll  aggregates  are  present  in  vivo  (4,    9   ),    e.  g.  , 
Brody  and  Brody  (  9  )   suggested  that  the  720  mfjL  emission  reported  at  room 
temperature  by  various  workers   (19,  3C),    corresponds  to  aggregated  chloro- 
phyll. 

Lavorel  (42)  has  shown  that  during  the  period  of  fluorescence  induction  in 
whole  cells,    there  are  changes  in  shape  of  the    fluorescence  spectrum.     He  has 
been  able  to  resolve  two  fluorescence  components   -  one  constant  and  the 
other  variable  -  the  variable  component  has  a  maximum  at  720  mfi  (at  room 
temperature),'    this  corresponds  exactly  to  the  maximum  of  emission  of  the 
chlorophyll  aggregate  (  4  ). 

2.     Evidence  Based  on  Absorption  Spectra:    The  origin  of  the  concept  of 
more  than  one  form  of  chlorophyll  in  vivo  is  often  associated  with  the  attempt 
to  interpret  the  absorption  properties  of  purple  bacteria.    (19,  39,  5^.      The 
single  absorption  band  with  maximum  at  '^  770  m|j.  -  which  is  characteristic 
of  bacteriochlorophyll    in  vitro    -  is  the  only  form  one  obtains  upon  extrac- 
tion of bacteriochlorophyll  from  organisms  which  exhibit  one,    two  or  three 
absorption  bands  in  the  living  state.      The  bands,    which  differ  in  relative 
intensity,    have  maxima  at  about  800,    850  and  890  nifji.      They  have  been 
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attributed  to  the  presence  of  various  sized  pigments  aggregates  (39)  or 
association  of  pigment  with  various  proteins  or  lipoproteins   (19,55).      The 
relative  intensity  of  the  three  peaks  has  been  regarded  as  a  manifestation 
of  the  concentration  of  the  corresponding  complexes. 

Evidence  for  two  forms  of  chlorophyll  was  actually  given  earlier  for  green 
plants  than  for  bacteria  by  Albers  and  Knorr  (  1   ),    who  resolved  two  absorp- 
tion maxima  -  at  683  m|j.  and  670  mfj..     However,    these  workers  considered 
the  two  peaks  as  representing  different  chemical  states  of  chlorophyll  rather 
than  associated  states  of  chlorophyll.      Their  early  observations  were  con- 
firmed by  French  and  co-workers  (27)  and  Brown  and  French  (15)  who  used 
a  derivative  absorption  spectrometer  and  resolved  not  only  the  absorption 
m^axima  at  673  and  683  but  two  other  nnaxima  at  694  mfj.  and  707  m|jL.      French 
and  co-workers(28,Z9)  have  demonstrated  these  forms  of  chlorophyll  in  a  wide 
variety  of  organisms. 

Krasnovsky  and  Kosobutskaja  (37)  noted  that  when  etiolated  leaves  are 
placed  in  bright  light  for  one  minute,    the  newly  formed  chlorophyll  a^ 
exhibits  an  absorption  maximum  at  670  m|a.      After  several  hours  of  illumina- 
tion the  maxinnum  shifts  to  687  nn|j.;  Krasnovsky  and  Kosobutskaja  attributed 
this  shift  to  aggregation  and  binding  of  some  of  the  chlorophyll.      This  inter- 
pretation has  been  further  extended  to  bacteria  and  algae  (40,54). 

Induced  changes  in  absorption  have  yielded  spectra  with  maxima  at  705, 
678  and  660  m|uL  (18,36);  these  peaks  have  been  attributed  to  an  unknown  pig- 
nnent,    chlorophyll  a,    and  chlorophyll  b,    respectively.  By  low  temperature 
absorption  spectroscopy  of  leaves,    Butler  (l6)  has  also  shown  the  presence 
of  the  705  mfj.   absorption  band. 

A  summary  of  the  absorption  maxima  cited  above  and  the  methods  used  to 
obtain  them  are  given  below. 

Table  I 

Absorption  Maxima  of  Chlorophyll  Reported  in  Vivo,    in  mfj. 

Differential  Absorption  707      695  683  673 

Induced  Changes  705  678 

Greening  Process  687  670 

Absorption  at  Low  Tennps.  705 

3.     Evidence  Based  on  Excitation  Spectra:    Excitation  of  fluorescence  of 
algae  at  low  temperatures  has   shown  that  the  absorption  spectrum  of  the 
chlorophyll  aggregate  differs  from  the  mononner  (7,  I6  ).    Butler  (16)  found 
that  one  of  the  bands  which  gives  rise  to  emission  from  the  aggregate  (at 
7Z0  m|j.)  has  an  absorption  maximum  at  705  m|jL. 
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4.      Evidence  Based  on  Photosynthesis  Measurements:     The  close  correla- 
tion between  the  onset  of  photo  synthetic  efficiency  and  the  shift  of  the  absorp- 
tion maximum  of  chlorophyll  from  670  to  678  mfx  -  observed  during  the 
"greening"  process  in  etiolated  plants  (37,50)   -  is  suggestive  of  the  need  for 
aggregated  chlorophyll  in  photosynthesis.      While  Smith,    French,  and  Koski 
(50)  proposed  that  the  only  photochemically  active  form  is  the  chlorophyll 
with  maximum  at  678  m(j.,    Krasnovsky  and  Kosobutskaja  (37,38)   suggested 
just  the  opposite  possibility.     In  addition,       the  latter  workers  proposed  that 
the  band  with  absorption  maximum  at  670  m|j.  represents  the  fluorescent, 
monomeric  form  while  the  other,    non-active  form  with  maiximum  at  678  m(jL, 
is  aggregated  and  nonfluorescent.      They  also  chose  to  attribute  the  spectral 
shifts  in  the  greening  process  to  formation  of  aggregates  rather  than  to  the 
formation  of  chlorophyll-lipoprotein  bands. 

It  may  be  recalled  that  Weber  and  Teale  (59)  and  Lavorel  (43)  had 
attributed  the  long  wavelength  decline  in  yield  of  fluorescence  to  the  forma- 
tion of  nonfluorescent  aggregates.      Lavorel  had,    in  addition,    suggested  that 
this  explanation  could  also  be  applied  to  photosynthesis,    i.  e.  ,    that  the  long 
wavelength  decline  arose  because  of  photosynthetic  inactivity  on  the  part  of 
the  nonfluorescent  aggregate  in  vivo.      Lavorel's  suggestion  was  in  full  agree- 
ment with  the  observation  of  his  contemporaries  on  photosynthetic  action 
spectra.      However,    it  has  been  subsequently  shown  that  when  excitation  at 
short  wavelengths  is  coupled  with  excitation  at  long  wavelengths,    full  photo- 
synthetic efficiency  may  be  realized  at  the  longer  wavelengths  (20,21,22     )    - 
"Enhancement  Effect". 

Based  on  their  fluorescence  emission  observations-  that  the  proportion 
of  aggregate  and  monomer  varies  widely  between  different  organisms-  Brody 
and  Brody  (5,8, 1  0)  proposed  that  excitation  of  both  nnonomer  and  aggregate 
are  necessary  for  photosynthesis  and  attributed  the  presence  of  the  long- 
wavelength  decline  in  photosynthetic  activity  ("Emerson  Effect")  to  lack  of 
fulfillment  of  this  requirement  at  the  longer  wavelengths.      They  also  inter- 
preted the  enhancement  effect  in  terms  of  cooperative  aggregate  and 
monomer  action. 

Systematic   studies  of  the  action  spectrum  of  the  enhancement  effect  were 
made  by  Govindjee  and  Rabinowitch  (32),    and  Myers  and  French  (46).      They 
show  the  presence  of  two  photochemically  active  forms  of  chlorophyll  in  vivo, 
with  maxinna  at  about  670  and  678  na|jL. 

Goedheer  (31)  has  demonstrated  that  the  development  of  photosynthetic 
capacity  depends  not  upon  concentration  of  chlorophyll  but  rather  upon  forma- 
tion of  the  chlorophyll  emitting  at  720  m(j.  (as  observed  at  low  temperatures). 
This  supports  the  hypothesis  (5,8)  that  the  aggregated  form  of  chlorophyll  is 
essential  for  photosynthesis. 
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II.     MATERIALS  AND  METHODS 


A  schematic  diagram  of  the  photofluorometric  apparatus  we  use  is   shown 
in  Fig.    2.      Uncorrected  spectra  are  recorded  graphically,    and  simultaneously 


Chopper 


Fig.    2  Schematic  diagram  of  spectrofluorometer :     Xe  =  1800  watt  high  press- 
ure xenon  arc  lamp;   L  =  lens;  Mj    =  monochromator  for  sensitizing  fluores    - 
cence;  M  -  mirrors;  S  -  sample;   D.    =  Dewar;   L  =  light  pipe;   Pj   =  Photo- 
multiplier  tube  for  measuring  absorption;  M2  =  monochromator  for  analyzing 
fluorescence;  P2  =  photomultiplier  tube  for  measuring  fluorescence;   C  = 
commutator  for  triggering  frequency  counter  and  card  punch. 


corresponding  values  are  punched  onto  IBM  cards  at  2  nn|j.  intervals.      The 
spectral  response  of  the  apparatus  is  calibrated  by  using  a  standard  lamp, 
according  to  the  method  described  by  Stair,    Johnston  and  Halboch  (51).      The 
intensity  of  the  light  incident  on  the  sample     is  determined  with  a  thermopile. 
These  calibrations  are  incorporated  into  a  computer  program  which  (among 
other  things)  corrects  all  fluorescence  and  excitation  spectra  and  plots  the 
corrected  curves.      Thus,    unless  otherwise  indicated,    all  spectra  have  been 
corrected  on  a  quantum  basis. 

To  deplete  Euglena  gracilis  (Z)  of  its  chlorophyll,    the  organism  is  cultured 
in  total  darkness  for  over  20  generations.      In  the  present  work,    the  term 
"age  of  the  organism"  will  refer  to  the  period  of  time  of  subsequent  culturing 
in  light. 

III.     RESULTS  AND  DISCUSSION 


A.      Photochemical  Activity  and  Morphology  of  Cells  which  were  Frozen 
and  Thawed 

Since  many  of  the  observations  of  fluorescence  of  algae  are  made  with 
organians  subjected  to  extremely  low  temperatures,    it  was  deemed  desirable 
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to  determine  the  effects  of  freezing  on  these  cells.      Studies  were  made  of  the 
morphological  state  of  the  photosynthetic  apparatus,    the  photochemical 
activity  of  the  chloroplasts,    and  the  state  of  pigment  aggregation. 

1.  Morphology:    The  structure  of  the  chloroplast  lamellae  of  Chlorella 
pyrenoidosa  and  Porphyridium  cruentum    was  examined  before  and  after 
freezing  with  the  aid  of  an  electron  microscope.      The  algae,    after  being 
cooled  to  77    K,    were  allowed  to  warm  to  room  temperature,    and  were  then 
immediately  fixed  with  osmium  tetroxide.      The  material  was  prepared  with 
procedures   similar  to  those  given  by  Brody  and  Vatter  (14). 

The  ultrastructure  of  the  frozen  Chlorella  cells   showed  the  following 
changes:     extensive  vacuolization  of  the  cell    cytoplasm,    some  damage  to  the 
nucleus  (which  probably  accounts  for  subsequent  failure  of  reproduction)  and 
a  small  degree  of  vacuolization  between  the  lamellae.      Perhaps  this  last 
effect  is  related  to  the  decreased  activity  of  the  frozen  cells  in  carrying  out 
Hill  reaction. 

2.  Photochemical  Activity:     Hill  reaction  was  measured  with  whole  cells 
using  quinone  as  the  hydrogen  acceptor.      Manometric  techniques  were 
essentially  similar  to  those  described  by  Ehrmantraut  and  Rabinowitch  (Z3)  . 
Two  aliquots  of  cells  were  prepared;  one  was       kept  as  a  control,    the  other 
was  cooled  to  77°K,    held  at  this  temperature  for  about  10  minutes,    and  then 
thawed.     Great  care  was  taken  to  keep  the  cells  in  the  dark.     Hill  reaction 
activity  of  the  two  aliquots  was  measured  manometrically,    each  vessel  con- 
tained 100  mm     of  Chlorella  pyrenoidosa,  Z  mg  of  quinone,    0.  05%  KCL,    and 
1/20  M  phosphate  buffer  (pH  6.  5).      (The  quinone  was  freshly  purified  by 
steam  distillation  from  ION  sulfuric  acid,    and  later  sublimated  in  vacuum.  ) 
The  samples  were  flushed  with  nitrogen  and  broughtto  20°C.     Illumination 
was  provided  by  a  tungsten  lamp. 

It  was  found  that  cells  which  have  been  frozen  and  thawed  still  show  Hill 
reaction  but  with  a  lowered  efficiency.      Figure  3  represents  a  portion  of  an 
experiment  in  which  the  production  of  oxygen  by  Chlorella  cells  has  been 
determined.      Essentially  similar  results  were  obtained  by  Horowitz  (33), 
who  used  Chlorella,    and  2,    6  dichlorophenolindophenol  as  Hill  oxidant. 

The  major  effects  of  freezing  upon  the  Hill  reaction  are  a  lowering  of  yield 
by  a  factor  of  about  5,    and  an  acceleration  in  loss  of  activity.      But,    since 
oxygen  production  as  a  function  of  light  intensity  and  time  of  illumination  is 
quite  normal,    it  would  seenn  that  the  photochemical  apparatus  is  still 
relatively  intact  after  freezing. 
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Fig.    3    Hill  reaction  of  whole  Chlorella  cells.      Control  (closed  circles) 
to  be  compared  to  cells  which  have  been  frozen  and  thawed  (open  circles). 


3.     State  of  Chlorophyll  Aggregation:   Comparison  of  "control"  algal  cells 
(Euglena,    Chlorella)    with  those  that  had  been  frozen  and  thawed,    revealed 
no  appreciable  change  in  absorption  properties.      Furthermore,    the  emission 
spectrum,    the  excitation  spectrum,  and  the  fluorescence  yield  remain  charact- 
ertistic  for  each  temperature  during  the  course  of  two  to  three  cycles  of 
freezing  and  thawing.     However,    after  repeated  cycles  (five  to  six)  a  small 
shift  in  emission  spectrum  and  diminution  of  intensity  of  fluorescence  do 
occur.      We  feel  that  there  is  no  evidence  at  the  present  time  to  indicate  that 
a  single  rapid  freezing  of  cells  results  in  disruption  of  the  normal  distribution 
of  monomeric  and  aggregated  chlorophyll. 

B.      Emission  from  the  Aggregated  State  in  Vivo 

(In  this  section^    the  wavelengths^    given  are  not  corrected  for  the  spectral 
response  of  the  apparatus.  ) 


When  young  (Z  day  old)  pale-green  cells  of  Chlorella   pyrenoidosa  are 
excited  with  the  436  mjx  Hg  line,    at  room  temperature,    the  resulting  fluore- 
scence spectrum  consists  of  a  main  band  with  maximum  at  685  m\x  and  a 
secondary  band  at  about  720  m|i..      (The  latter  represents  a  mirror  image  of 
the  first  vibrational  band  in  the  absorption  spectrum  of  chlorophyll  a.  ) 
(See  Fig.    4)     Excitation  of  young,    pale-green  cells  of  Euglena  gracilis  results 
in  a  similar  emission  spectrum. 
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As  the  Chlorella  cells  age  (to  Ig"  weeks)  the  fluorescence  maximum  of  the 
main  band  shifts  to  about  687   -  690  mja  and  the  secondary  band  increases 
in  intensity  relative  to  the  main  band.     (Figure  4.)    Ageing  in  Euglena  results 
in  a  similar  effect,    but  with  relatively  greater  increase  in  the  secondary  band 
in  a  much  shorter  period  of  time  (see  Fig.    5).     By  one  week  the  main  band 
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Fig.    4.      Fluorescence  spectra  excited 
at  436  mi-L.      Room  temperature  spectra 
are  given  by  solid  curves.      Spectrum 
at  77°K  is  given  by  dotted  curve  (for 
2  day  old  cells). 
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Fig.    5     Fluorescence  spectra  of  1    1/2.- 
day  and  1  week  old  cells  excited  at 
436  mfjL  at  room  temperature. 


has   shifted  and  the  secondary  band  has  increased  in  intensity  until  only  one 
wide  band  -  with  fluorescence  maximum  at  about  710  m|j.  can  be  seen  (Fig.    5). 
As  the  cultures  age,    the  fluorescence  of  the  main  band  -  the  monomer 
(68  5  m\i)  increases  in  intensity,     but  the  long  wavelength   -  the  aggregate  - 
fluorescence  increases  at  a  more  rapid  rate. 

The  above  experiments  show  that  nnuch  more  of  the  form  contributing  to 
fluorescence  at  720  mfx  is  developed  in  Euglena  than  in  Chlorella.    Ochro- 
monas  danica  and  Monodus   sp.    were  found  to  have  properties  similar  to 
Chlorella,     whereas  Porphyridium  cruentum   was  much  more  like  Euglena  . 

That  the  shape  of  the  emission  spectrum  in  older  Euglena     does  not  arise 
primarily  from  re-absorption  of  fluorescence,    is  based  on  evidence  of  two 
types,    firstly  on  relative  fluorescence  yield  measurements,    and  secondly 
on  the  shape  of  the  ennission  spectrum  obtained  upon  excitation  with  various 
wavelengths  of  light.      Relative  yield  measurements  indicate  that  with  ageing, 
the  fluorescence  of  the  monomer  band  (685  m|jL)  increases  in  intensity,    but 
the  fluorescence  of  the  aggregate  band  (720  m|a)  increases  at  a  faster  rate. 
As  for  the  evidence  based  on  the  shape  of  the  emission  spectrum  as  a  func- 
tion of  the  wavelength  of  exciting  light,    the  following  was  noted.      Exciting 
the  fluorescence  of  very  young  Euglena  and  Chlorella  with  various  wave- 
lengths of  light  does  not  seen  to  affect  the  shape  of  their  emission  spectra. 
Again,    with  older  Chlorella,    the  shape  of  the  emission  spectra  excited  with 
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405     436  and  545  mfj.  are  relatively  similar  (although  some  small  differences 
can  be  noted),    but  the  fluorescence  spectra  obtained  with  older  Euglena  are 
markedly  different  -  see  Fig.    6  for  1^  day  old  cells  and  Fig.    7  for  1   week 
old  cells.      These  data  suggest  that  there  are  at  least  two  different  species 
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Fig.    6    Fluorescence  spectra  of  1    1/2 
day  old  cells  excited  with  wavelengths 
given  above;  excitation  at  roonn  tem- 
perature. 


Fig.    7     Fluorescence  spectra  of  1 
week  old  cells  excited  with  wave- 
lengths given  above;  excitation  at 
room  temperature. 


of  chlorophyll  in  Euglena  which  have  different  absorption  spectra  and  which 
give  rise  to  the  685  and  7Z0  m|jL  emission  bands. 

Goedheer  (31  )  in  his  study  of  greening  bean  leaves,    has  noted  (with  respect 
to  the  room  temperature  spectrum  of  a  fully  green  leaf,    and  on  the  basis  of 
induction  phenomena)  that  the  fluorescence  around  720  mfj.  must  be  partially 
ascribed  to  emission  by  another  form  of  chlorophyll  rather  than  to  scattering 
and  re -absorption  in  the  major  peak. 

The  experiments  described  up  to  this  point  were  made  at  room  temperature, 
the  following  experiments  involve  also  measurements  at  low  temperature 
(770K). 

In  Figs.    8,    9  and  10  may  be  seen  a  series  of  fluorescence  spectra  obtained 
with  Ochrom'onas  danica,   age  2,    4  and   10  days,    respectively.     Except  for  the 
usual  carotenoids,   this  alga  contains  no  pigments  other  than  chlorophyll  a. 
The  fluorescence  in  the  blue-green  region  will  be  described  in  a  separate 
section,    below.      First  we  turn  our  attention  to  the  red  region  of  the  spectrum. 
In  the  curves  obtained  at  293°K,    there  is  a  small  shift  in  fluorescence 
maximum  with  age,    from  about  690  mjj.  to  692  my.,    and  an  increase  in 
fluorescence  intensity  (or  relative  fluorescence  yield).      The  outstanding 
feature  of  the  curves  obtained  at  77°K  is  the  presence  of  two  separate  and 
distinct  fluorescence  bands  in  the  red  region.      In  the  10  day  cells,    the  band 
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Fig.    8     Fluorescence  spectra  excited 
at  436  m)i. 


ochromon 
4  d; 

V,                            

>          

\ 

\ 

\ 

I,/ 

\ 

1              1 

450  500  550  600  650  700  750 

WAVELENGTH,  m/i 


Fig.    9     Fluorescence  spectra  excited 
at  436  m(jL. 


at  shorter  wavelengths  is  displaced  about  3  m|jL,    the  one  at  longer  wavelengths 
about  24  mjjL  from  the  maximum  of  the  fluorescence  band  obtained  at  room 
temperature.      (Freed  and  Sancier  (26)  have  shown  that  a  shift  in  absorption 
toward  longer  wavelengths   should  be  expected  upon  cooling.  )     We  w^ill  refer 
to  the  former  as  the  monomer  band,    since  it  corresponds  in  position  with  the 
fluorescence  band  obtained  with  dilute  solutions  of  chlorophyll;  the  latter  will 
be  designated  the  aggregate  band,    since  it  corresponds  in  position  with  the 
fluorescence  obtained  with  concentrated  solutions  of  chlorophyll.  (  4  ) 

Measurements  made  at  the  temperature  of  liquid  nitrogen  also  show  (Figs. 
7,    8  and  9)  a  shift  in  band  maxima  with  ageing. 

It  can  be  clearly  seen  that  in  young  Ochromonas  the  intensity  of  fluores- 
cence from  the  monomer  is  greater  than  from  the  dimer;  with  age,    both 
increase,    but  fluorescence  from  the  aggregate  increases  at  a  faster  rate. 
By  10  days  the  intensities  of  emission  from  the  monomer  and  aggregate  are 
about  equal.      This   situation  is  also  characteristic  of  higher  plants,    in  which 
the  intensity  of  emission  from  both  bands  is  about  equal  in  mature  leaves 
during  the  entire  growing  season.      (See  Figs.    11   and  12). 


The  fluorescence  properties  of  Chlorella    are  similar  to  those  of 
Ochromonas  and  higher  plants.     However,    as  mentioned  above,    Ochromonas 
has  only  chlorophyll  a;  higher  plants  have  in  addition,    chlorophyll  b. 
Chlorella  may  be  considered  an  extreme  "shade"  plant  since  it  has  a  high 
proportion  of  chlorophyll  b.     In  Fig.    4  it  may  be  seen  that  in  addition  to  the 
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Fig.    10     Fluorescence  spectra  excited         Fig.    11     Fluorescence  spectra 
at  436  m|ji.  excited  at  436  m|j.. 


monomer  and  aggregate  bands  characteristic  of  chlorophyll  a^    Chlorella 
exhibits  a  third  band  (or  rather  a  shoulder)  at  700  mfji.      This  may  correspond 
to  the  aggregate  band  of  chlorophyll  b^    or  to  the  new  band,    described  below 
in  Section  III  -  E.     As  the  cells  age,    and  the  monomer  and  aggregate  bands  of 
chlorophyll  a  increase  in  size,    this  shoulder  is  obliterated. 

It  may  be  recalled  that  these  "Chlorella  -  type"  cells,    when  excited  with 
various  wavelengths  of  light  at  room  temperature,    yield  essentially 
unchanged  fluorescence  spectra.      Remembering  also  that  the  shapes  of  the 
emission  spectra  in  Euglena  do  depend  upon  the  wavelength  of  excitation,    one 
might  suspect  that  in  "Euglena  -  type"  organisms  much  more  of  the  aggregate 
form  is  present.      To  investigate  this  possibility  the  following  procedure 
was  utilized.     Etiolated  cells  were  cultured  in  the  dark  on  organic  media  for 
3  days  and  then  placed  in  light  for  specified  periods  of  time. 

This  was  done  in  order  to  obtain  large  quantities  of  pale-green  cells. 
(Incidently,    Euglena  may  be  considered  an  extreme  "sun"  plant  because  of  its 
low  proportion  of  chlorophyll  b  to  a.  )     In  Figs.    13,    14  and  15  may  be  seen 
fluorescence  spectra  of  1,    2  and  3  day  old  Euglena,  respectively. 

The  total  fluorescence  from  chlorophyll  at  room  temperature  is  quite  low 
in  young  cells,    however,    it  can  be  seen  that  with  ageing  fluorescence 
intensity  does  increase.      (In  these  experiment^  emiission  from  chlorophyll 
at  room  temperature  was  too  small  to  measure  in  24  hour  cells.)    Measure- 
ments made  at  room  temperature  also  indicate  a  shift  in  monomer  and  aggre- 
gate maxima  from  685  to  690  m|jL,    and  715  to  720  mfi,    respectively.     Although 
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Fig.    12    Fluorescence  spectra  excited 
at  436  m\i. 
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Fig.    13     Fluorescence  spectra 
excited  at  436  mji. 


emission  from  the  monomer  increases  with  age,    the  increment  of   aggregate 
emission  far  exceeds  it.     After  about  48  hours  in  the  light  (the  time,    of 
course,    depends  upon  such  factors  as  the  density  of  the  culture,    the  intensity 
of  light,    etc.  ),  the  monomer  band  becomes  just  an  inflection  on  the  short 
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Fig.    14     Fluorescence  spectra  excited 
at  436  myi. 


Fig.    15     Fluorescence  spectra 
excited  at  436  mji.. 


wavelength  side  of  the  aggregate  band  and  is   soon  completely  masked.      Con- 
sequently in  Euglena,    aggregate  fluorescence  exceeds  monomer  fluorescence 
during  the  major  portion  of  the  organism's  life.      These  fluorescence 
characteristics  also  obtain  for  Porphyridium.      It  is  of  interest  to  note,    that 
in  the  one  organism  of  this  type  that  we  have  examined  -   Porphyridium  - 
the  "Emerson  Effect"  occurs  at  relatively  short  wavelengths  (20,21,22);  Brody 
and  Brody  (5,8,  iCf),,  suggested  that  the  disproportion  of  aggregate  and  mononner 
at  longer  wavelengths  does  not  permit  the  two  photochemical  reactions  which 
they  postulated,    to  occur  efficiently. 
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Now  let  us   return  to  our  observation  of  emission  in  the  blue-green  region 
of  the  spectrum,    which  is  especially  evident  at  low  temperature  (see  Figs. 
8-15).     Although  this  emission  is  apparent  in  all  the  organisms  we  have 
examined,    only  in  Euglena  is  there  a  clear  cut  pattern  in  its  appearance. 
(We  did  not  study  this  phenonenon  in  detail  in  the  other  organisms,    and  in 
Ochromonas  we  have  not  been  able  to  get  consistent  data.  )     In  young  Euglena, 
in  which  there  is  little  chlorophyll,    emission  in  the  blue-green  region  is 
strong.     As  the  cells  age  and  more  chlorophyll  is  formed,    there  is  a  corres- 
ponding decrease  in  blue-green  emission  (which  may  be  only  relative  - 
although  preliminary  data  suggest  there  is  actually  a  dimunition  in  yield). 
This  fluorescence  in  Euglena  was  attributed  to  carotenoids  by  Brody  and 
Linschitz  (12)  on  the  basis  of  similar  emission  and  action  spectra  for 
carotenoids  extracted  from  Euglena  with  alcohol.     It  should  be  noted  that 
Goedheer  (31)  has  attributed  fluorescence  in  this   region  in  greening  bean 
leaves  to  FMN  and  DPNH  derivatives. 

C.      Size  of  Chlorophyll  Aggregates  in  Vivo 

The  marked  similarity  between  the  spectral  properties  of  chlorophyll  in 
vivo   and  aggregates  in  vitro  has  already  been  noted  (4,9     ).      In  this  section 
we  assume  that,    except  for  the  species  giving  rise  to  emission  at  687  m^i, 
all  of  the  chlorophyll  in  vivo  is  present  in  the  form  of  molecular  aggregates. 
On  this  basis,    an  effective  size  for  the  aggregate  is  estimated  from  the 
position  of  the  aggregate  emission  maximum  at  77°K.      It  is  further  shown 
how  the  size  of  the  aggregate  varies  with  the  age  of  the  organism. 

After  dark  grown  Euglena   has  been  in  light  for  several  hours,    there  is 
noted,    in  addition  to  fluorescence  from  the  chlorophyll  monomer  (maximum 
687  mp.),    a  second  emission  maximum  at  717  mjj.  (77°K).      After  Euglena 
has  been  in  light  for  still  longer  periods  of  time,    the  position  of  the  long  wave- 
length emission  maximum  shifts  further  toward  the  red  end  of  the  spectrum, 
until  -  after  80  hours   -  it  reaches  732  mji.      The  position  of  the  long  wave- 
length emission  maximum  as  a  function  of  time  in  light  is  shown  in  Fig.    l6, 
where  a  smooth  curve  has  been  drawn  through  the  experimental  points. 

To  estimate  the  size  of  the  aggregate,    an  expression  derived  by  McRae  and 
Kasha  (45)  is  used: 

~"         -~"         =  4(N-l)m^  (1+cos^   a)/NhcR'^  Eq.    (1) 

Aj  A^ 

N  =  number  of  chlorophyll  molecules     in  the  aggregate;  v   ^       and  v    ^^  ~ 
absorption  maxima  of  aggregate;   o=  angle  between  the  axis  of  the  aggregate 
and  the  planes  of  the  molecules  forming  the  aggregate;   R  =  distance  between 
charge  centers;  c  =  speed  of  light;  h  =  Planck's     constant;  m  =  transition 
moment. 

In  the  present  analysis,    it  is  assumed  that  the  chajiges  in  spectroscopic 
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properties  which  accompany  greening,    result  solely  from  changes  in  the  size 
of  the  aggregate,    and  that  the  geometry  of  the  aggregate  (R  and  a)  remains 
constant. 

Equation  1  will  be  re-written  in  terms  of  emission,    since  the  data  which 
are  available  for  the  aggregate  in  vivo  are  for  emission  rather  than  absorp- 
tion.     To  accomplish  this  we  take  the  wave  number  difference,    6,    between 
the  absorption  and  emission  maxima  of  the  monomer  and  set  it  equal  to  the 
wave  number  difference  bet^ween  the  absorption  and  emission  maxima  of  the 
aggregate,    i.  e. 

V        -V        =6  =  v  -V 

A  F  A2  F,  N 

In  this  expression  subscripts  A  and  F  denote  absorption  and  fluorescence, 
respectively,    and  primes  and  double  primes  denote  monomer  and  aggregate, 
respectively.     Assuming  there  is  symmetrical  splitting  of  the  monomer 
absorption  band  upon  aggregation,    it  can  be  shown  that  Eq.    1  may  be  re- 
written in  terms  of  emission  maxima,    in  the  following  way: 

^"  rr   ^T  =~'ip  -  2     {N-l)m^  (1   +  cos^a)/NhcR^  Eq.    (2) 

F,  N  F 

A  pictorial  representation  of  our  notation  is  shown  below. 

8 


(  ^ 


111  II 


8 

The  long  wavelength  emission  maximum- which  is  observed  at  low  temper- 
atures with  Euglena  exposed  to  light  for  only  a  few  hours,-  is  assumed  to  arise 
from  the  smallest  possible  aggregate  -  namely,    a  dimer  {N=2).      Using  this 
value  for'vp   j^,    the  term  m^  (l  +  cos2a)/hcR-'  in  Eq.    2  can  be  eliminated  to 
yield  our  working  equation: 

G'  ^  -~"^   ^)   =   2(~'^  -~"^    ^)(l    -1/N)  =  A(l-1/N)  Eq.    (3) 

in  which 'v    ^  and'x?    „    ^  are  constants. 
F  F,  2 

Since  we  are  dealing  with  a  distribution  of  molecular  aggregates,  it  should 
be  recognized  that  the  emission  maximum  Cv     r-   ivt)  determined  experiment- 
ally is  an  average  value,    which  can  be  represented  by  the  following  express- 
tion:    — 00  ,,  =0  ,  

~FN    =     ^        ~FN^^^/^        [N]=~        -A{l-[1/N]], 
'  N  =  2  '  N  =  2 

where    [N  ]  is  the  concentration  of  aggregates  of  Size  N,    and  A  is  as  defined 
in  Eq.    3.     An  effective  size  for  the  aggregate  l/[l/N]  (slightly  greater  than 
the  true  average  size  N)  can  be  calculated  with  the  aid  of  Eq.    3.     For  con- 
venience,   let  1/[1/N]     =    lO    .      To  determine  A  the  following  data  obtained 
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from  Fig.    l6  is  used: 

~'  -1        ' 

V    „=  14,  566  cm        (\ 


F,  2 


=  13,  947  cm 


-1 


{\         ^  =  717  mil)  and 
F,  2 


687  m|jL),    so  that  A  =  2(  v 


V 


F,  2 


)   =   1218.      The 


F       ""''  .   •      F       --■   -'-"  •        F  ,___ 

effective  value  of  %    (calculated  from  Eq.    3)     as  a  function  of 'v    p^  j^  is   shown 
in  Fig.    17.      The  longest  wavelength  for  the  emission  maximum  in  our  exper- 
iments is   \''       ,=  732  mu  ( "v''       .=  1  3,  661   crn'l )  which  yields    %     =3.77. 
F,  N  r  ,  IN 
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Fig.    16     Data  for  Euglena  at  77°K; 
long  wavelength  emission  maximum 
as  a  function  of  age  of  cells   -   excited 
at  436  m^i. 


Fig.    17     The  position  of  the  long 
wavelength  emission  maximum  (at 
77°K)  as  a  function  of  the  size  of  the 
aggregate  (based  on  data  obtained 
from  Euglena). 

The  long  wavelength  absorption  maxima  of  the  various  aggregates  can  be 
calculate^  from  their  emission  maxima,    using  the  previously  defined  express- 
ion 6  ^'v  A  "~'f  "  14,793  -  14,  566  =  237  cm"^.     Representative  absorption 
maxima  calculated  in  this  way  are  listed  in  Table  II. 


Table  II 


Emission  Maximum 


~   -1 
v(cm   ) 

\   (m|j.) 

14,  556 

687 

13,947 

719 

13,661 

732 

13,338 

7  50 

% 


Absorption  Maximum 

-1 
V   (cm      )        X  (m(i) 


1 
2 
3.77 


14, 

793 

676 

14, 

184 

705 

13, 

898 

719 

13, 

575 

736 

The  long  wavelength  shift  of  emission  maximum  which  occurs  during  green- 
ing in  Euglena,    is  accompanied  by  a  broadening  of  the  red  absorption  band 
as  well  as  a  long  wavelength  shift  of  the  absorption  maximum. 

The  spectral  transformations  in  Euglena  can  be  interpreted  in  several  ways: 
1)     there  is  an  association  of  chlorophyll  with  different  proteins     2)     there  is 
an  aggregation  of  chlorophyll  molecules     3)    both  phenomena  may  occur 
simultaneously.      Whereas  chlorophyll  molecules  are  probably  bound  to  the 
protein  portion  of  the  lamellae,    we  believe  that  it  is  primarily  the  inter- 
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action  between  chlorophyll  molecules,    rather  than  between  chlorophyll  and 
protein  molecules,    which  gives  rise  to  the  spectral  transformation  observed 
in  vivo.      While  the  heterogeneous  interaction  is  possible,    the  fact  that  many 
spectral  properties  found  in  vivo  can  be  simulated  by  protein-less  solutions 
of  chlorophyll  lends  support  to  our  contentions. 

In  the  present  analysis  it  was  assumed  that  first  long  wavelength  emission 
band  to  appear  (at  717  m|a,)  arises  from  the  smallest  possible  aggregate. 
This  assumption  is  supported  by  the  following:     if  the  distance  between  mole- 
cular centers  were  the  main  parameter  determining   the  position  of  the 
emission  maximum,    then  there  would  be  a  continuous   shift  in  maximum 
starting  from  the  position  of  the  monomer  peak.     However,    a  discontinuous 
shift  of  3Z  m(j.  is  observed  between  the  position  of  the  monomer  maximum 
and  the  shortest  wavelength  at  which  emission  from  the  aggregate  occurs 
On  the  other  hand,    the  discontinuous  shift  (which  actually  obtains   )  is  to  be 
expected  if  a  small  aggregate  is  formed.      As  the  concentration  of  larger 
aggregates  increases,    a  continuous  shift  in  the  emission  band  is  to  be  anti- 
cipated because  the  displacements  between  maxima  decrease  rapidly  with 
increasing  size,    e.  g.  ,    the  displacement  between  dimer  and  trimer  maxima 
is  only  9  my.. 

We  are  led  to  believe,    therefore,    that  the  spectral  transformations  obser- 
ved in  Euglena    (and  other  organisms)  represent  changes  in  distribution  of 
monomer,    dimer,    trimer,    etc.,    and  that  this  distribution  undergoes  a  con- 
siderable modification  between  the  time  of  initial  formation  of  chlorophyll 
and  attainment  of  a  "steady  state".      The  steady  state  distribution  seems  to 
depend  upon  the  genus  and  species  of  the  organism  (  ).      If  these  changes 

in  distribution  do  occur,    they  would  explain  in  large  part  the  diversity  of  the 
reported  maxima  for  the  "various  forms"  of  chlorophyll  in  vivo  (See   Table  I). 

By  letting  N  go  to  infinity  in  Eq.    3,    we  calculate  for  v    -p,    °=,    a  limiting 
value  of  13,  338  cm"^    (^"f    °=  -  ^50  m|jL).      The  corresponding  absorption 
maximum  for  an  infinitely  large  aggregate,    calculated  f rom  ~    p,    o=,    (see 
Table  II)  ,    turns  out  to  be  736  m(ji,    a  value  which  compares  favorably  with 
the  reported  absorption  maximum  of  large  microcrystals  of  ethyl  chloro- 
phyllide  a  -  740  m|jL  (34).      This  agreement  lends  support  to  our  assumption 
about  R,    a   and  the  value  taken  for  (l+cos^  o  )/R^,    and  also  indicates  that  the 
internnolecular  dimensions  in  the  crystal  and  the  aggregate  are  similar. 

It  is  of  interest  to  note  that  the  absorption  maximum     we  calculated  for 
dimeric  chlorophyll  in  vivo  (705  m(x),    corresponds  to  the  wavelength  report- 
ed for  the  following  kinds  of  studies:     changes  in  absorption  of  irradiated 
organisms,    (18,36,60),    differential  absorption    (1  5,  Z8,  Z9),    and  low  temper- 
ature absorption  spectroscopy    (16). 

The  shift  in  emission  nnaximum  from  719  mfji  to  73Z  m|ji  (measured  at  77    K) 
which  occurs  during  the  greening  process  in  Euglena,    can  result  from  the 
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formation  of  aggregates  with  a  final  effective  size  3.8  molecules  (see  Table 
II).      This  size  is  somewhat  larger  than  the  three  nnolecules  given  by 
Rodgrigo  (47)  who,    however,    made  his  measurements  with  solutions  of  chloro- 
phyll at  concentrations  lower  than  those  found  in  vivo.      Some  of  the  possible 
molecular  weight  distributions,    as  well  as  mechanisms  of  aggregation  -  which 
give  rise  to  the  effective  sizes   we  have  found,    will  be  discussed  elsewhere. 

D.      Number  of  Florescing   Forms  of  Chlorophyll  in  Euglena 

The  broad  emission  band  observed  in  Euglena  most  likely  corresponds  to  an 
envelope  of  several  overlapping  spectra.      Before  an  evaluation  can  be  made  of 
the  contribution  of  each  fluorescing  component  to  the  envelope  it  is  advisable 
to  determine  the  number  of  components  giving  rise  to  the  fluorescence 
envelope.      Weber  (58)  has  described  a  method  for  enunnerating  the  components 
in  such  complex  systems  on  the  basis  of  fluorescence  spectroscopy. 

Weber's  method  essentially  consists  of  setting  up  a  matrix  as  shown  below, 


where  F^ 


is  the  intensity  of  fluorescence  obtained  at  wavelength  n,    upon 
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excitation  at  wavelength  m.     All  possible  2x2,    3x3,    4x4,    etc.  ,    deter- 
minants are  evaluated.      When  all  the  2  x  2's  are  zero,    there  is  only  one 
fluorescent  form  present;  when  the  3  x  3's  are  zero,    there  are  only  two 
fluorescent  forms,    and  so  on.      In  our  experiments  the  measurements  of  F^^   ^^ 
each  have  an  estimated  error  of  5%,    therefore,    when  we  say  the  determinant 
is  zero,    it  means  it  is  zero  within  our  experimental  error.      The  fluorescence 
spectrum  under  study  covers  the  spectral  range  670  to  770  m|j..      The 
intensity  of  emission  is  measured  at  5  m|ji  intervals  over  this  range  so  that 
as  many  as  21   excitation  spectra  can  be  obtained.      The  excitation  spectrum 
which  corresponds  to  a  particular  wavelength  in  the  emission  spectrum  is 
punched,    at  2  m|j.  intervals,    onto  IBM  cards,    resulting  in  125  to  175  points  for 
each  excitation  spectrum. 


The  matrixes  were  calculated  on  an  IBM  7090  coinputer.      There  is  no 
problem  in  doing  all  the  possible  2x2  matrices.     However,    because  of  the 
long  time  it  takes  to  evaluate  all  the  possible  3x3  and  4x4  matrices  in  a 
21  x  150  matrix,    some  of  the  data  had  to  be  eliminated. 

Fluorescence  excitation  spectra  were  determined,  at  room  and  liquid 
nitro.gen  temperatures,  for  dark  grown  Euglena  gracilis  which  had  been 
allowed  to  green  for  periods  of  time  ranging  from  6  to  80  hours.      With  these 
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cells,    none  of  the  Z  x  Z  matrices  vanished  completely  at  either  temperature. 
For  some  of  the  experiments  made  at  room  temperature,    all  the  possible 
3x3  matrices  vanished  -    but  for  other  experiments  at  room  temperature 
there  were  3x3  matrices  which  did  not  vanish.      It  remains  to  be  seen  under 
which  conditions  only  two  emission  bands  are  possible  at  room  temperature. 
Since,    with  the  experiments  made  at  77°K,    none  of  the  3x3  matrices 
vanished  completely,    there  exist  more  than  Z  fluorescent  components  at  this 
temperature.     Although  our  preliminary  experiments  indicate  that  all  the 
possible  4x4  matrices  vanish  completely  at  both  temperatures  (implying  the 
existance  of  no  more  than  three  emission  bands)  we  wish  to  re-confirm  these 
data. 

One  of  the  three  fluorescing  components  corresponds  to  the  chlorophyll 
monomer.     If  one  of  the  other  bands  corresponds  to  a  dimer,    then  the  third 
remaining  band  would  have  to  be  a  tetramer  -   since  our  calculations  (in 
section  III  -C)  indicate  that  the  chlorophyll  aggregate  increases  until  it  attains 
an  effective  size  of  3.8  chlorophyll  molecules.      We  must  assume,    therefore, 
that  either  a  trimer  exists   -  but  is  nonfluorescent,    or  that  it  does  not  exist  - 
the  formation  of  larger  aggregates  involving  condensation  of  dinners  to  form 
tetramers. 

E.      Low  Temperature  Emission  Spectroscopy  of  Dilute  Chlorophyll  Solutions 

Low -temperature  emission  spectroscopy  of  dilute  solutions  of  specially 
prepared  chlorophyll  a  reveals  the  presence  of  three  bands(l  1 ,  61 ).    In  Fig.    18 
curve  II,    may  be  seen  the  emission  spectrum  of  this  chlorophyll,    10"    M  in 
acetone,    excited  with  blue  light  (436  m|j.);  in  addition  to  the  anticipated  maxima 
at  671    and  7Z5  mp.,    there  is  another  band  with  maximum  at  698  m|j..      At  room 
temperature  this  new  band  is  not  observed,    and  the  emission  spectrum  is 
similar  to  others  previously  reported  for  chlorophyll  a  (19). 

We  have  found  that  crystalline  chlorophyll  a,    prepared  according  to 
either  the  method  of  Jacobs,    Vatter  and  Holt  (35),  or  Anderson  and  Calvin  (Z  ) 
yields    upon  excitation         only  two  emission  bands  at  77°K.      (See  curve  I  in 
Fig.    18).      The  chlorophyll  with  which  we  have  observed  the  additional  band 
is  obtained  by  washing  the  crystalline  chlorophyll-prepared  by  either  of  the 
above  methods   -  exhaustively  with  petroleum  ether.      Preliminary  measure- 
ments of  the  emission  lifetime  of  the  new  band  show  it  to  be  shorter  than 
10        sec. 

There  are  no  appreciable  differences  that  one  can  observe  at  room  temper- 
ature in  the  absorption  spectra  or  extinction  coefficients  of  the  chlorophyll 
preparations  which  do  and  do  not  show  emission  at  698  m(j..      This  third  band 
with  maximum  at  about  698  mfj,  has  been  observed  in  the  following  solvents 
at  77°K:     acetone,    benzene,    ethanol,    ethyl  ether,  and  pyridine.      At  this  point 
it  might  be  well  to  recall  the  third  emission  band  seen  in  young  Chlorella, 
at  77'-'K  (See  Fig.    4)',    its  maximum  at  697  mp.  (uncorrected)  is  close  to  the 
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position  of  the  new  band  reported  here  for  dilute  solutions  of  chlorophyll. 

We  have  made  a  preliminary  survey  of  the  materials  which  quench  the 
emission  at  698  mp..      These  include  nitrobenzene,    p-phenylenediamine,  and  the 
'residue'   of  the  petroleunn  ether  washings  of  the  crystalline  chlorophyll.      The 
petroleum  ether  'residue'  completely  quenches  the  emission  at  698  mfj.;  add- 
ing  'residue'  to  the  same  sample  which  gives  curve  I  (Fig.    18)  yields  curve 
in  (Fig.    18).      Materials  which  do  not  quench  the  emission  are  commerical 
P  carotene  and  vitamin  K,    as  well  as  crude  xanthophylls  and  carotenes 
extracted  from  spinach. 

A  comparison  of  curves  II  and  III  shows  that  the  petroleum  ether   'residue' 
modifies  the  main  emission  band  by  decreasing  its  width,    shifting  its 
emission  maximum  to  shorter  wavelengths  and  increasing  its  intensity.      By 
"subtracting"  curve  III  from  curve  II  (using  as  a  condition  no  negative 
values),      we  have  obtained  the  emission  spectrum  of  the  "698  m|j.  species" 
Fig.    19.      In  addition  to  the  maximum  at  698  mfj.,    there  is  an  even  larger 
maximum  at  680  mjj..      We  presume  that  this  difference  spectrum  corresponds 
to  one  band  with  two  maxima,    but  it  is  possible  that  the  two  peaks  represent 
two  bands. 
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Fig.    18     Emission  spectra  for  specially 
prepared  chlorophyll  in  acetone  (see  text) 
at  10"^M,  Curve  I  -  emission  obtained 
with  chlorophyll  before  purification. 
Curve  II  -  spectrum  showing  new  emission 
band,    Curve  III  -  same  sample  as  for  curve 
II  but  with  quencher  added.      All  excitations 
at  436  m|jL. 


Fig.    19    Spectrum  obtained  by 
taking  the  difference  between 
curves  II  and  III  in  Fig.  18. 
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We  are  in  the  process  of  identifying  the  petroleum  either  'residue',    and  of 
determining  if  there  is  more  than  one  naturally  occuring  quencher  in  chloro- 
plasts.      So  far,    we  have  found  that  the  'residue'  of  the  petroleum  ether 
washings  has  some  of  the  properties  of  a  terpenoid  quinone  (such  as  plasto- 
quinone  or  coenzyne  Q). 

Since  the  naturally  occuring  quencher  ('residue')  is  not  readily  removed 
from  chlorophyll  a,    even  after  repeated  chromatography,    it  nnay  be  that  it 
is  strongly  complexed  with  chlorophyll.      This  contention  is  supported  by  the 
fact  that  even  in  very  minute  amounts  it  will  quench  emission  at  698  my..      The 
ease  with  which  this  excited  state  is  quenched  is  significant  for  it  suggests 
that  the  excited  state  may  be  effective  in  sensitizing  photoreactions. 

F.     Excitation  Spectra  in  Solution  and  In  Vivo 

In  Fig.    20  may  be  seen  an  excitation  spectrum  (for  emission  at  730  mji) 
determined  with  Euglena  (in  light  80  hours)  at  77°K;  it  contains  a  band  with 
maximum  at  708  m|ji.      The  general  features  of  this  spectrum  are  similar  to 
the  excitation  spectrum  (for  emission  at  736  mjj,)  determined  with  a  concen- 
trated solution  of  chlorophyll  in  pyridine    (10 "^M)  at  77°K;  in  Fig.    20  may  be 
seen  a  band  with  maximum  at  718  mfjL  which  we  feel  corresponds  to  the  708  my 
band  in  vivo.      Similar  experiments  with  dilute  solutions  cf  chlorophyll  yield 
excitation  spectra  (for  emission  at  726  mij.)  which  do  not  contain  the  band  at 
718  my.,    (or  for  that  matter,    any  bands  at  all  between  the  monomer  absorp- 
tion maximum  at  680  m|j.  and  the  emission  maximum  at  736  m|j.);  see  Fig.    20. 


Fig.    20     Excitation  spectra  for  dilute  and  concentrated  solutions  of  chloro- 
phyll a  in  pyridine,  and  Euglena,    at  77°K;     wavelengths  being  monitored  given 
in  text. 


With  very  young  Euglena  (in  light  only  a  few  hours)  the  band  at  708  my  is 
only  a  small  shoulder.     All  of  our  data  on  the  708  band  in  vivo  has  not  yet 
been  analyzed  in  a  quantitative  fashion,    however,    it  appears  at  least  qual- 
itatively -  that  the  magnitude  of  this  absorption  band  and  the  intensity  of  the 
emission  band  between  720  and  730  my  increase  in  a  parallel  fashion.       In 
light  of  the  above  findings,    we  would  like  to  suggest  that  it  nnay  not  be  nec- 
essary to  assume  a  colorophyll-cytochrome  complex    (16)  to  account  for 
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the  absorptio^a,  ja  vivo  at  705  m(jL;  chloropb.yll  aggregates  in  solution  (in  the 
absence  of  cytochrome)  exhibit  this  band. 

Part  of  this  work  was   supported  by  a  grant  to  one  of  the  authors  (M.    Brody) 
by  the  National  Science  Foundation  (Grant   GB  129). 
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PROPERTIES  OF  CHLOROPHYLL  PROTEIN  ISOLATED  FROM 
LEAVES  OF  CHENOPODIUM  ALBUM 

Atusi  Takamiya,    Hirosi  Obata  and  Eijiro  Yakushiji 


INTRODUCTION 

Various  attempts  have  been  made  to  disintegrate  chloroplasts  into  its 
constituent  units  and  obtain  chlorophyll  in  the  nearest-to-nature  state  as  it 
occurs  in  the  photosynthetic  apparatus.     The  isolation  of  chloroplastin^    '     K 
protochlorophyll  holochrome(3)  and  quantasome(4)  may  be  regarded  as  the 
most  prominent  achievements  along  this  line  of  approach.     The  purpose  of  the 
present  report  is  to  make  another  addition  to  this  group  of  chlorophyll  proteins. 
The  new  chlorophyll  protein  was  discovered  by  one  of  us  (Yakushiji)  during  his 
investigation  on  the  isolation  of  cytochromes  from  various  plant  materiaiv^). 
On  extracting  the  leaves  of  the  weed,    Chenopodium  album,    with  the  ordinary 
phosphate  buffer  and  viewing  the  brownish  crude  extract  with  the  hand  spectro- 
scope,   an  absorption  band  was  discovered  at  565  my.     Attempts  were  then 
made  to  isolate  the  substance  and  it  was  finally  obtained  in  purified  form^5). 


ISOLATION  AND  PURIFICATION 

Since  this  particular  chlorophyll  protein  is  highly  light-sensitive,    care 
must  be  taken  to  carry  out  the  following  purification  procedures  in  dim  (green) 
light,    to  obtain  the  substance  in  its  native  state.     The  substance  is  extracted 
from  the  fresh  (or  deep-frozen)  leaves  of  Chenopodium  album  by  homogenation 
in  0.01  M  disodium  phosphate  solution  and  concentrated  by  collecting  the  frac- 
tion precipitating  between  0.  3  and  0.  6  saturation  with  ammonium  sulfate.     The 
precipitate  is  dissolved  in  0.  01  M  phosphate  buffer,    pH  7.  8  and,    after  dialysis 
against  the  same  buffer  solution,    subjected  to  chromatography  on  a  column  of 
Amberlite  CO  50.     The  substance  can  be  adsorbed  and  washed  on  the  column 
at  concentrations  of  0.01  -  0.  02  M,    and  eluted  out -at  0.  5  M  of  the  phosphate 
buffer,    pH  7.  8.     Subsequent  ammonium  sulfate  fractionation  was  repeated 
several  times  and  the  final  product  of  the  pure  chlorophyll  protein  was  stored 
in  0.  1  M  phosphate  buffer,    pH  7.  8,    which  may  be  stored  without  any  deteriora- 
tion,   if  kept  in  the  dark  and  in  a  frozen  state. 


PROPERTIES  OF  CHLOROPHYLL  PROTEIN 

The  substance  is  water-soluble  and  gives  a  clear  solution  when  dissolved 
in  water  or  buffer  solution.     The  solubility  and  stability  in  plain  aqueous  media 
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(i.  e.  ,    without  addition  of  any  detergent)  are  one  of  the  remarkable  character- 
istics of  this  particular  chlorophyll  protein.     The  ultracentrifugal  analysis  of 
the  purified  sample  in  a  Spinco  Ultracentrifuge  (Model  E,    at  14°  C)  showed  a 
single-peaked  sedimentation  pattern,    indicating  the  homogeneous  dispersion  of 
the  substance  in  the  solution.     The  sedimentation  constant  was  computed  to  be 
S20'  =  2.  7. 


Spectral  Characteristic 

Fresh  solution  of  the  chlorophyll  protein  prepared  in  the  dark  is  green  in 
color,    which  changes  on  standing  in  the  light  into  yellowish-green.     The  solid 
line  in  Fig.    1  shows  the  absorption  spectrum  of  the  native  chlorophyll  protein. 
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Fig.    1  (left)    Absorption  spectra  of  Chenopodium  chlorophyll  protein  (CP  668; 
native  form,    CP  743;  illuminated  (partially  photoconverted)  form) 

Fig.    2  (right)    Difference  spectrum  of  photoconversion  of  Chenopodium 
chlorophyll  protein  (CP  743  minus  CP  668) 


The  main  peak  at  668  m/x  corresponds  to  the  red-band  of  chlorophyllous  com- 
plex,   the  accompanying  smaller  accessory  peak  at  615  m/z,    575  m/j  and  530  m/i 
are  also  common  in  this  group  of  substance.     Another  main  absorption  at 
430  mju  and  the  shoulder  at  410  m/x  represent  the  Soret  bands  of  the  chloro- 
phyllous complex.     The  absorption  at  277  m/n  is  probably  due  to  the  protein 
content.     The  dotted  line  in  the  same  figure  shows  the  absorption  spectrum  of 
the  same  sample  of  the  chlorophyll  protein,    which  had  been  illuminated  for  30 
seconds  with  white  light  (10,  000  lux).     A  new  far-red  peak  appears  at  743  my, 
and  there  are  also  changes  in  the  shorter  region  of  the  spectrum,    new  peaks 
appearing  at  364  rem  and  400  my.     The  appearance  of  the  peak  at  565  nn/x  is 
also  remarkable.     The  absorption  at  about  700  mji  also  rises  considerably, 
although  it  does  not  make  a  significant  absorption  peak.     The  difference 
spectrum  of  the  light-induced  changes  is  shown  in  Fig.    2. 
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Pigment  Components  of  the  Chlorophyll  Protein 

On  addition  of  higher  concentrations  of  organic  solvents,    such  as  alcohol 
and  acetone,    there  occur  abrupt  changes  in  absorption  of  the  chlorophyll  pro- 
tein.    The  red  band  of  the  non-illuminated  form  shifts  from  668  m/x  to  663  m/x, 
and  the  far-red  peak  at  743  nyj.  characteristic  of  the  illuminated  form  disappears 
by  the  treatment  to  give  rise  to  a  new  but  less  remarkable  peak  at  718  m/i. 
With  still  higher  concentrations  of  the  organic  solvent,    the  green  color  of  the 
substance  is  extracted  in  solution.     The  absorption  spectra  of  such  alcohol 
extracts  are  shown  in  Fig.    3.     The  pigment  in  the  extract  was  analyzed  by  paper 
chromatography  according  to  Jeffrey,    using  petrol  ether  containing  2%  iso- 
propanol  as  developing  solution'"'.     The  presence  of  chlorophylls  a  and  b  in  the 
extract  of  the  non-illuminated  sample  was  confirmed  by  spectrophotometric 
examination  of  the  pigments  eluted  from  the  corresponding  spots.     In  the  chro- 
matogram  of  the  illuminated  form,    the  spot  corresponding  to  chlorophyll  a 
considerably  diminishes,    while  the  spot  of  the  b  component  remained  essentially 
the  same.     These  features  correspond  to  the  difference  between  the  absorption 
spectra  of  the  extracts  of  illuminated  and  non-illuminated  samples  of  the  chloro- 
phyll protein.     There  were  two  new  green  spots  also  showing  red  fluorescence 
in  the  chromatogram  of  the  illuminated  form,    which  remain  still  unidentified. 
No  carotenoid  content  was  discovered  in  the  purified  substance.     The  protein 
nature  of  the  substance  was  also  confirmed  by  the  ninhydrin  and  Biuret  tests. 
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Fig.    3   (left)    Absorption  spectra  of  alcoholic  extracts  of  Chenopodium 
chlorophyll  protein  (CP  66^  and  CP  743) 

Fig.   4  (right)    Time  course  of  photoconversion  of  Chenopodium  chlorophyll 
protein;  CP  668  -  CP  743 


From  the  above-described  facts  and  especially  from  the  content  of 
chlorophylls  a  and  b  in  its  native  (i.e.   non-illuminated)  form,    the  substance 
was  inferred  to  be  a  chlorophyll-protein  compound  and  the  designation  as 
Chenopodium  chlorophyll  protein  CP  668  is  proposed  according  to  the  position 
of  its  red-peak.     The  illuminated  form  will  be  indicated  as  CP  743. 
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Photoconversion  of  CP  668  to  CP  743 

Since  the  most  prominent  feature  of  this  chlorophyll  protein  is  its  sensi- 
tivity towards  light,    experiments  were  carried  out  concerning  the  above- 
mentioned  photoconversion  of  the  dark  form,    CP  668,    to  the  illuminated  form, 
CP  743.     The  reaction  was  followed  by  measuring  the  main  absorption  changes 
at  565  m^,    668  mfx  and  743  m/i.     It  was  confirmed  by  the  preliminary  experi- 
ments that  there  was  a  definite  correlation  between  these  photo-induced  in- 
creases and  decreases  in  absorbancy.     Fig.    4  shows  the  time  course  of  the 
photoconversion. 

First,    it  was  confirmed  that  the  presence  of  air  in  the  reaction  mixture 
is  a  necessary  condition  for  the  photoconversion  of  CP  668.     After  removal  of 
molecular  oxygen  from  the  solution,    the  chlorophyll  protein  was  quite  stable 
towards  illumination.     On  introduction  of  oxygen  (air)  to  the  evacuated  system, 
the  capacity  for  the  photochemical  change  was  immediately  recovered,    the 
same  spectral  changes  being  readily  observed  on  subsequent  illumination  (i.e., 
decrease  of  668  m/n  peak,    accompanied  by  the  appearance  of  peaks  at  743  m/i 
and  565  m^). 

Oxidizing  agents  other  than  oxygen  were  then  tested  in  this  respect. 
Potassium  ferricyanide  at  a  concentration  of  5  x  10" 3  M  was  found  to  replace 
molecular  oxygen.     The  rate  of  photoconversion  in  this  case,    however,    was 
rather  slower  than  the  rate  under  the  light-aerobic  condition.     Also  with  ferri- 
cyanide there  was  no  reaction  in  the  dark.     The  reaction  in  the  presence  of 
mammalian  cytochrome  c  is  shown  in  Fig.    5.     As  will  be  seen  in  the  figure, 
the  light  (670  mjn,    monochromatic  illumination)  induced  the  conversion  of 
CP  668  to  CP  743.     The  rise  of  the  peak  at  550  mju  is  a  result  of  simultaneous 
reduction  of  the  cytochrome  added  (similar  result  was  observed  with  algal 
cytochrome  553)^"^).     Also  in  this  case,    there  was  no  formation  of  CP  743  in 
the  dark. 

2,  6-Dichlorophenol  indophenol  (DPIP)  also  was  effective  in  inducing  the 
photoconversion.     The  time  course  of  the  reaction  is  shown  in  Fig.    6.     The 
absorption  increase  at  565  my  in  this  case,    however,    was  not  clearly  detected 
owing  to  the  absorption  due  to  the  dye  added.     There  was  no  change  in  absorption 
in  the  dark. 


Reversibility  of  Photoconversion 

In  view  of  the  expected  role  of  the  substance  in  some  oxidation-reduction 
reactions,    the  reversal  of  the  above-described  change  of  the  chlorophyll  pro- 
tein was  tested.     Light  or  dark  incubation  of  the  illuminated  form  of  the  chloro- 
phyll protein  in  a  pure  nitrogen  atmosphere  did  not  result  in  any  absorption 
increase  at  668  m^  or  decrease  at  743  m|x.     Considering  the  circumstance  that 
the  presence  of  an  oxidizing  reagent  made  a  requirement  in  the  photoconversion, 
the  effects  of  reducing  substances  were  tested  in  reversing  the  change.     Among 
various  reducing  agents  tested,    including  sodium  hydrosulfite,    ascorbate,    phenyl 
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Fig.    5  (left)    Photoconversion  of  Chenopodium  chlorophyll  protein  in  presence 
of  mammalian  cytochrome  £ 

Fig.    6  (right)    Photoconversion  of  Chenopodium  chlorophyll  protein  668  in 
presence  of  DPIP 


hydrazin,    EDTA,    sodium  borohydride,    Pd  with  H2.    and  methyl  viologen,    the 
first  two  named  gave  successful  results  with  respect  to  the  reversion  of  the 
spectral  changes  in  question. 

In  an  experiment  shown  in  Fig.    1,    the  chlorophyll  protein  was  first 
photoconverted  into  the  illuminated  form,    CP  743,    in  the  air  (see  above).     After 
the  removal  of  oxygen,    the  cuvette  was  sealed  and  illuminated  for  30  minutes 
in  the  presence  of  added  sodium  hydrosulfite  (10-3  m).     About  97%  of  the 
CP  743  previously  formed  was  re-converted  into  the  initial  form,    CP  668.     In 
this  case,    the  marked  decreases  in  absorbancy  at  458  m^  and  645  m/i  caused 
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Fig.    7    Photoreversion  of  Chenopodium  chlorophyll  protein  in  presence  of 
sodium  hydrosulfite 
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by  illumination  remain  unexplained.     In  the  presence  of  added  sodium  hydro- 
sulfite  (anaerobic),    there  was  a  slow  but  detectable  dark-conversion  of  CP  743 
to  CP  668,    resulting  in  a  partial  recovery  (about  60  -  70%)  of  the  initial  non- 
illuminated  form  in  several  hours  of  incubation.     The  back  reaction-rate  in  the 
dark  was,    however,    insignificant  compared  with  that  which  occurred  in  the  light. 

Ascorbic  acid  was  without  effect  in  the  dark.     On  illumination  of  CP  743 
in  its  presence  (alkaline  phosphate  solution,    pH  12;  anaerobic),    however,    there 
was  an  almost  complete  recovery  of  CP  668.     At  pH  7.  8,    the  light-induced  re- 
covery was  sluggish  and  rather  inconsistent.     It  was  noticed  that,    also  in  this 
case,    the  recovery  of  the  peak  at  458  m/i  does  not  accompany  the  rise  of  the 
668  mpi  peak.     The  small  shoulder  at  645  m/i  was  also  abolished  during  the 
incubation  in  the  light  in  the  presence  of  ascorbate. 

Monochromatic  light  at  667  m/i,    430  m/i  and  465  m/x  were  effective  in 
inducing  the  photoconversion  from  CP  668  to  CP  743,    and  light  at  740  m/i  and 
565  m/i  for  the  peak  reaction.     This  fact  suggests  that  these  two  sets  of  absorp- 
tion peaks  arise  from  the  same  substance,    i.e.,  CP  668  and  CP  740,    respectively. 


From  the  above-described  facts  concerning  the  interconversion  between 
the  dark  and  illuminated  forms  of  the  chlorophyll  protein,    it  was  inferred  that 
the  changes  under  investigation  involve  some  oxidation- reduction  reaction. 
This  inference  leads  us  to  the  tentative  conclusion  that  the  dark  and  illuminated 
forms  represent  the  reduced  and  oxidized  forms,    respectively,    of  the  chloro- 
phyll protein. 

The  findings  reported  here  may  be  of  significance  in  view  of  the  growing 
interest  in  far-red  absorbing  forms  of  chlorophyll.     Similar  but  not  identical 
substances  have  been  discovered  in  various  green  organisms  by  French^^^, 
AUenO).    Brown  (10),    Butler(ll),    and  Lippincott^  ^2)_     On  the  other  hand,    an 
absorption  change  has  been  found  by  Kok^^-^)  to  occur  at  710  m/i  in  the  illuminated 
chloroplasts. 

The  question  whether  our  chlorophyll  protein  is  a  product  peculiar  to 
Chenopodium  album,    or  whether  it  occurs  generally  (when  it  may  occur  at  lower 
concentration)  and  play  some  physiological  role  in  photosynthesis  must  await 
further  investigation. 

This  work  was  supported  by  a  grant  from  the  Rockefeller  Foundation 
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STUDIES  OF  THE  CONSTITUTION  AND  PHOTOCHEMICAL  ACTIVITY 
OF  AN  ISOLATED  CHLOROPHYLL  COMPLEX 

M.  B.  Allen  and  J.  C.  Murchio 


This  paper  describes  recent  progress  with  investigations  di- 
rected toward  the  isolation  and  characterization  of  chlorophyll 
complexes  of  living  algal  cells  and  study  of  the  photochemical 
activity  of  the  isolated  complexes.  We  have  previously  reported 
(1,2)  the  isolation  from  Chlorella  pyrenoidosa  of  a  photochemi- 
cally  active  chlorophyll  complex  with  its  red  absorption  maximum 
at  672  m^  (P-672).  This  complex  has  a  chlorophyll  a/b  ratio  of 
approximately  1,  and  also  differs  slightly  from  the  bulk  of  the 
chloroplast  material  in  its  carotenoids.   On  illumination  it 
forms  a  stable  free  radical  that  can  be  discharged  by  reaction 
with  natural  or  artificial  electron  acceptors. 

Under  the  best  conditions  so  far  achieved,  the  yield  of  P-672 
is  1  to  1.5^  of  the  total  chlorophyll  of  the  cell.  Success  in 
its  preparation  depends  upon  breaking  the  cells  in  the  right 
manner  to  separate  this  particular  fragment  from  the  chloroplast, 
ajad  upon  centrifugation  at  the  proper  viscosity  to  effect  its 
sei)aration  from  other  fragments.  Even  small  variations  in  the 
cell  breaking  processes  of  grinding  and  ultrasonic  treatment  re- 
sult either  in  no  yield  or  in  the  formation  of  a  so  far  insepa- 
rable mixture  of  products  exhibiting  a  flat  topped  absorption 
curve  with  maximum  at  675  np. 

P-672  as  obtained  by  previously  described  procedures  was  con- 
taminated with  a  considerable  amount  of  colorless  material,  some 
of  it  particulate,  including  RNA.  Treatment  with  ribonuclease 
(RNAse),  followed  by  washing,  removed  much  of  this  material,  as 
evidenced  both  by  microscopic  observation  and  by  a  decrease  in 
absorbance  in  the  260-280  m^  region,  with  a  concomitant  increase 
in  ultraviolet  absorption  in  the  washings.  Treatment  with  des- 
oxyribonuclease  had  no  effect.   Incubation  with  papain  resulted 
in  breakdown  of  the  complex. 

Among  the  noteworthy  properties  of  P-672  is  a  tendency  to  form 
membranes  whenever  its  concentration  becomes  great  enough,  be  it 
through  centrifugation,  freezing,  or  slow  dehydration  with  silica 
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gel.  A  typical  membrane  is  shown  in  Figure  1.  On  formation  of 
membranes  the  absorption  maximxun  moves  toward  longer  wavelengths, 
from  672-673  m(j.  to  677-678  mji.  Previous  studies  ^3;  indicate 
that  it  is  unlikely  that  this  change  is  a  scattering  artifact 
with  our  instnmentation.  The  membranes  are  astonishingly  stable, 
vigorous  ultrasonic  treatment  being  required  for  their 
disintegration. 

The  implications  of  this  spontaneous  membrane  fonnation  for 
chloroplast  structure  remain  to  be  explored.  In  the  present 
investigation,  it  raised  the  possibility  that  the  photochemical 
properties  of  the  membranes  might  be  different  from  those  of  the 
presumed  particle  originally  split  from  the  chloroplast.  We  have 
therefore  been  experimenting  with  techniques  for  purification  and 
concentration  of  P-672  that  do  not  involve  pelleting  the  material. 
The  most  successful  of  these  so  far  comprises  passage  through 
a  column  of  Sephadex  G-200  after  RNAse  treatment,  followed  by 
concentration  with  silica  gel,  stopping  before  the  point  of  mem- 
brane formation.  This  treatment  removes  most  of  the  material 
absorbing  in  the  260-280  m^  region,  as  well  as  whatever  nat\iral 
electron  acceptors  that  react  with  the  light  induced  free  radical 
are  present  in  the  crude  P-672  preparation.  The  purified  material 
shows  a  distinct  absorption  peak  at  3^0  m^i.  The  iraterial  respon- 
sible for  this  peak  has  not  yet  been  identified. 

Electron  micrographs  of  material  thus  purified^  prepared  by  the 
spray  droplet  technique  of  Williams  and  Backus  ^^^,  are  shown  in 
Figures  2,  3^  and  4.  The  preparations  contain  particles  of  var- 
ious sizes,  the  smallest  being  70-75  A,  proceeding  through 
130-140  A,  200-210  A,  to  the  largest,  slightly  greater  than  300  A. 
Small  aggregates  of  these  particles  are  also  visible  in  the  micro- 
graphs. The  particlf  sizes  observed  suggest  polymers  of  a  fun- 
damental unit  of  70  A  or  less.  However,  control  experiments  have 
shown  that  only  about  half  of  the  particles  in  this  preparation 
contain  chlorophyll,  the  remainder  probably  being  ribosomal 
contaminants.  Until  these  can  be  removed  it  is  not  possible  to 
be  assured  that  all  the  size  classes  represent  chloroplast 
particles. 

For  the  same  reason,  it  is  only  possible  to  give  order  of 
ma,gnitude  figures  for  the  chlorophyll  content  and  molecular  weight 
of  the  particles.  They  contain  10-20^  chlorophyll  and  have  an 
average  molec\ilar  weight  of  the  order  of  1,000,000.  The  results 
of  papain  treatment  and  extraction  with  fat  solvents  indicate  a 
lipoprotein  complex,  as  might  be  expected.  The  possibility  of  the 
presence  of  nucleic  acids  as  an  integral  part  of  the  complex  is 
being  explored,  but  cannot,  obviously,  be  settled  until  the 
ribosomal  contaminants  are  removed. 
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The  photochemical  activity  of  the  complex  that  has  been  most 
extensively  studied  is  the  formation  of  a  free  radical  on 
illumination.  This  radical  exhibits  a  single  line  electron  spin 
resonance  (ESr)  signal  of  line  width  and  g  value  similar  to  the 
signal  induced  by  iQng  wave  length  red  light  in  intact  cells  of 
C.  pyrenoidosa.^^^oj  However,  lonlike  the  signal  from  the  intact 
cells,  which  decays  in  a  few  milliseconds,  that  in  P-672  persists 
upon  darkening  the  cells  (2).  The  radical  can,  however,  be 
discharged  by  reaction  with  ferrocyanide  or  with  natural  electron 
acceptors  present  in  the  soluble  fraction  of  the  cell  homogenate. 
These  properties,  as  well  as  the  redox  potential  calculated  from 
the  degree  of  discharge  of  the  radical  in  ferri -ferrocyanide 
mixtures,  are  strikingly  similar  to  those  described  for  P-700  by 
Kok,  Beinert,  and  Hoch  vT^o}^  j^  j^g  therefore  been  of  interest 
to  determine  whether  these  properties  are  common  to  different 
kinds  of  chlorophyll  complexes,  or  whether  the  P-700  system  is 
contained  in  P-672. 

Action  spectra  for  induction  of  the  ESR  signal  were  obtained 
with  a  Varian  4500  EPR  spectrometer  \d.th  optical  transmission 
cavity.  Light  from  a  5OO  w.  projection  lamp  was  collimated  with 
aspheric  lenses  and  passed  through  narrow  band  Spectrolab  inter- 
ference filters  into  the  cavity.  The  voltage  on  the  light  was 
varied  so  that  equal  numbers  of  qvianta  were  supplied  at  all  wave- 
lengths except  400  and  ^4-35  t^j   where  the  lamp  output  was  insuf- 
ficient to  obtain  this.  Potassium  ferrocyanide  was  added  to  the 
P-672  preparations  to  discharge  the  radical  after  illumination. 

Results  of  such  measurements  are  sho■^^n2  in  Figure  5^  both  for 
material  containing  membranes  (pelleted)  and  for  the  dispersed 
particles.  The  former  shows  a  distinct  peak  at  695  nJ^^  as  well 
as  in  the  blue,  with  smaller  peaks  in  the  central  portion  of  the 
spectrum.  The  signal  in  this  sample  increased  linearly  with 
light,  so  that  the  peak  in  the  blue  is  considered  significant 
even  though  lower  light  intensities  were  used  for  these  points. 
The  dispersed  material  gives  a  rather  featTireless  curve  except 
for  a  small  peak  at  695  n^  and  a  large  one  in  the  blue.  The 
695  inn  peak  has  been  observed  with  chlorophyll  concentrations 
varying  from  0.8  to  2,7  mg  chlorophyll/ml . 

The  curves  shown  in  Figure  5^  like  other  ESR  action  spectra, 
show  the  steady  state  signal  level  as  a  function  of  wavelen^h. 
The  interpretation  of  such  curves  is  not  clear,  since  this  is 
not  an  action  spectrum  in  the  usual  sense  of  the  term,  in  which 
the  rate  of  a  reaction,  e.g.  oxygen  evolution,  is  determined  at 
different  wavelengths.  In  order  to  obtain  information  that  might 


489 


M.  B.  Allen  and  J.  C.  Murchio 


be  more  readily  interpreted,  the  growth  and  decay  of  the  signal 
(in  the  presence  of  f errocyanide )  were  examined. 

The  rate  of  increase  of  signal  in  P-672  on  illumination  is  much 
lower  than  that  in  the  intact  cell.  In  whole  cells  of  C. 
pyrenoidosa  ca.  50  millisec.  is  required  for  growth  of  the  signal, 
whereas  in  P^T2  the  rise  time  is  ca.  5  sec.  with  white  light  in 
membranous  material  and  greater  than  this  in  dispersed  particles. 
The  rate  of  rise  depends  on  wavelen^h,  but  is  in  all  cases 
faster  than  the  rate  of  reaction  of  the  radical  with  f errocyanide . 
The  curve  for  rate  of  increase  of  signal  as  a  function  of  wave- 
len^h  for  equal  numbers  of  incident  quanta  is  shown  in  Figure  6. 
The  peak  at  695  m(i  clearly  indicates  that  the  long  wavelength 
pigment  system  is  responsible  for  the  signal  in  these  particles. 
The  slow  rise  in  the  blue  is  particularly  striking.  Althou^ 
the  steady  state  signal  level  is  large  in  this  region  of  the 
spectrum,  its  rate  of  production  is  very  low.  The  peak  of 
activity  in  the  green  remains  a  puzzle,  since  none  of  the  known 
photosynthetic  pigments  in  green  cells  absorbs  in  this  region. 
The  reasons  for  the  lack  of  activity  of  the  short  wave  length 
pigment  system  in  a  particle  that  appears  from  spectroscopic  data 
to  be  enriched  in  this  system  are  being  explored. 


These  investigations  have  been  aided  by  Contract  AT(o4-3)-232 
with  the  U.  S.  Atomic  Energy  Commission,  NTH  grant  09558-02, 
and  contract  AF  19(6oif  )-6636,  with  the  Department  of  the  Air  Raroe, 
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Fig.  1.  Membranes  formed  on  concentration  of  P-672. 
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Fig.  2.  Whole  droplet,  fixed  in  osmic  acid,  \iraniiun  shadowed. 

Magnification  ca.  10,000. 


493 


M.  B.  Allen  and  J.  C.  Murchio 


Fig.  3.  Part  of  droplet,  fixed  in  osmic  acid,  uranium  shadowed. 
Magnification  ca.  30,000. 
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Fig.  h.     Part  of  droplet,  fixed  in  lo/o  formalin,  uranium  shadowed. 
Magnification  ca.  100,000. 
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Fig.  5.     Steady  state  levels  of  ESR  signals  in  membranous  and 
dispersed  P-672  preparations  as  a  function  of  the 
wavelength  of  light  used  for  illiimination. 
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Fig.   6.     Action  spectrum  for  rate  of  formation  of  free  radicals 
in  a  membranous  preparation  of  P-672, 


SOLUBLE    PROTEIN- PIGMENT  COMPLEXES   FROM  SPINACH  CHLOROPLASTS 

Joseph  S .    Kahn 


In  recent  years  there  has  been  a  growing  interest  in  the  iso- 
lation of  subunits  of  chloroplasts  containing  portions  of  their 
photochemical  and  electron  transport  pathways.   Such  subunits 
could  aid  in  elucidating  the  pathway  of  electron  flow  in  the 
chloroplast,  as  well  as  provide  a  clue  to  the  mechanism  of  the 
photochemical  reaction  itself.   One  of  the  most  difficult 
aspects  of  this  approach  has  been  the  isolation  of  photosynthetic 
pigments  in  conjunction  with  the  proteins  with  which  they  are 
associated.   The  isolation  of  a  soluble  cytochrome  c  photo- 
oxidase,  and  of  a  protein-chlorophyll  complex  which  could  be 
bleached  to  produce  three  new  pigments,  have  been  reported  (1,2). 
Also,  a  protein-y4-carotene  complex  has  been  isolated  from  chloro- 
plasts (3).   Disruption  of  chloroplasts  by  sonication  has 
yielded  small  fragments  which  could  be  the  catalyst  for  one  of 
the  two  light  reactions  required  for  photosynthesis  (4). 

This  report  describes  two  soluble  protein-pigment  complexes 
which  were  isolated  and  purified  from  spinach  chloroplasts  and 
which,  in  combination,  catalyze  the  photoreduction  of  ferri- 
cyanide . 

A  Soluble  Protein-Chlorophyll  Complex 

By  fractional  solubilization  of  chloroplast  fragments  with 
Triton  x-100  and  chromatography  on  DEAE-cellulose  in  the  presence 
of  Triton,  a  soluble  protein-chlorophyll  complex  was  isolated. 
Details  of  the  techniques  have  been  reported  elsewhere  (5) .   The 
complex  represents  3-8%  of  the  total  chlorophyll  of  the  chloro- 
plast and  contains  0.8-1.2  mg  protein/;amole  chlorophyll.   The 
low-temperature  spectrum  of  the  complex  reveals  the  chlorophyll 
to  be  chlorophyll  a. 

In  order  to  avoid  difficulties  caused  by  chlorophyll  bleaching, 
and  in  order  to  increase  the  sensitivity  of  the  assay,  ferri-    „ 
cyanide  reduction  was  measured  with  o-phenanthroline  and  the  Fe 
chelate  of  o-hydroxyethylene-diamine  diphenyl  acetate  (Sequest- 
rene  138  Fe  of  the  Geigy  Chemical  Co.)  (5).   The  protein- 
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chlorophyll  complex  was  able  to  photoreduce  ferricyanide  but  not 
di-  or  trichlorophenol-indophenol  or  NADP,  the  pH  optimum  for 
the  ferricyanide  reduction  being  8.0-8.5,  similar  to  that  for 
chloroplasts.   The  reduction  of  ferricyanide  appeared  to  be  non- 
enzymatic,  since  the  activity  of  the  complex  was  not  greatly  re- 
duced by  boiling  for  5  minutes.   No  photophosphorylation  could  be 
detected,  but  a  slow  photohydro lysis  of  ATP,  amounting  to  2-3 
pmole/mg  chlorophyll/hr ,  could  be  observed.   Plastoquinone  could 
not  be  detected  in  the  protein-chlorophyll,  and  the  addition  of 
plastoquinone  to  protein-chlorophyll  extracted  with  iso-octane 
had  no  effect  on  ferricyanide  reduction  (Table  I).   Menadione 
gave  a  small  but  consistent  stimulation,  the  reason  for  which 
will  become  apparent  later. 

Table  I 

The  effect  of  plastoquinone  and  menadione  on  ferricy- 
anide reduction  by  the  protein-chlorophyll.   The 
plastoquinone  and  menadione  were  dissolved  in  ethanol  to 
give  a  final  concentration  of  5%   ethanol  in  the  reaction 
mixture. 

jumole  ferricyanide  reduced    %  of 
mg  chlorophyll  x  hr control 


Control  23.1  100 

Extracted  with  isooctane  22.1  96 

+  5  X  10~  M  plastoquinone  21.4  93 

+  5  X  lO'  M  menadione  27.7  120 

+  57o  ethanol  23.4  101 


Polarographic  measurements  failed  to  show  any  evolution  of 
oxygen  during  ferricyanide  reduction.   In  agreement  with  this, 
CMU  (p-chlorophenyl-1, 1-dimethyl  urea),  which  inhibits  oxygen 
evolution  in  whole  chloroplasts  and  thus  inhibits  their  ferri- 
cyanide reduction,  failed  to  decrease  the  activity  of  the 
protein-chlorophyll.   Although  there  was  a  substantial  bleaching 
of  the  chlorophyll  during  illumination,  there  was  no  stoichi- 
ometry  between  the  chlorophyll  bleached  and  the  ferricyanide  re- 
duced.  The  nature  of  the  electron  donor  for  the  reduction  is  as 
yet  unknown. 
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When  the  protein-chlorophyll  was  treated  with  reduced  thiols 
and  then  dialyzed  under  a  nitrogen  atmosphere,  ferricyanide  re- 
duction was  strongly  inhibited.   The  inhibition  appeared  to  be 
due  to  the  formation  of  -SH  groups  rather  than  the  disruption  of 
disulfide  bonds,  since  the  inhibition  could  be  reversed  by 
p-chloromercuribenzoate  (Table  II).   Arsenite  or  thorough 
aeration  also  reversed  the  inhibition  by  reduced  thiols. 

Table  II 

The  effect  of  reduced  thiols  and  of  p-chloromercuri- 
benzoate (PCMB)  on  the  rate  of  ferricyanide  reduction 
by  the  protein-chlorophyll. 

The  thiols  were  dialyzed  out  before  assay,   PCMB  was 
added  to  the  reaction  mixture. 

jumole  ferricyanide  reduced     °/o   of 
mg  chlorophyll  x  hr control 

control  23.1  100 

5  X  10"^  M  PCMB  20.0  87 

5  X  lO"  M  glutathione  (red.)  7.8  34 

5  X  10   M  cysteine  7.1  31 

5  X  10   M/3 -mercaptoethanol  7.3  32 

glutathione  +  PCMB  19.6  85 

cysteine  +  PCMB  22.7  98 

;3-mercaptoethanol  +  PCMB  18.4  80 

The  rate  of  ferricyanide  reduction  by  the  protein-chlorophyll 
as  a  function  of  light  intensity  is  given  in  Figure  I.   Maximal 
activity  appears  to  be  reached  at  7000-8000  foot-candle,  but 
measurements  at  these  light  intensities  were  uncertain  because 
of  the  rapid  bleaching  of  the  chlorophyll.   The  rate  of  ferri- 
cyanide reduction  was  linear  only  up  to  10  pgm  chlorophyll/ml 
of  the  reaction  mixture;  moreover,  the  rate  decreased  during 
illumination  even  at  low  light  intensities,  becoming  non-linear 
after  5-10  minutes.   As  a  consequence,  the  activity  below  30 
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foot-candle  was  too  low  to  be  reliably  measured  by  our  assay 
method. 
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Figure  I.   The  rate  of  ferricyanide  reduction  by  the 
protein-chlorophyll  as  a  function  of  light  intensity. 

A  Water  Soluble  Protein-Carotene  Complex 

While  attempting  to  separate  the  protein-chlorophyll  into  the 
protein  and  chlorophyll  moieties,  we  succeeded  in  isolating  a 
second  protein-pigment  complex  from  the  protein-chlorophyll  (6). 

Samples  of  the  protein-chlorophyll  were  extracted  5  times 
with  equal  volumes  of  25%  diethyl  ether  in  petroleum  ether. 
The  pooled  solvent  was  washed  twice  with  water,  dried,  dissolved 
in  0.002  M  Tris  buffer,  pH  8.0  and  cleared  by  centrifugation. 
The  resultant  yellow  solution  was  slightly  opalescent. 

The  absorption  spectra  of  the  extracted  protein-chlorophyll 
and  of  the  extract  in  buffer  are  given  in  Figure  II.   The 
absorption  maxima  of  the  extract  in  different  solvents  are  pre- 
sented in  Table  III.   No  quinone  derivatives  reducible  with 
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borohydride  could  be  detected  in  the  extract, 
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Figure  II.   Absorption  spectra  of  protein-chlorophyll 
extracted  with  25%  diethyl  ether  in  petroleum  ether,  (A) 
and  of  the  extract  dissolved  in  water  (B) . 


Table  III 


Absorption  maxima  of  the  yellow  pigment  extracted  from 
protein-chlorophyll,  dissolved  in  various  solvents. 


Solvent 


Wavelength,  mp 


water 

petroleum  ether 
chloroform 
carbon  disulfide 


426  451  481 
416  435  468 

427  449  480 
442  468  500 
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Samples  of  the  extract  were  dried,  dissolved  in  n-heptane 
and  chromatographed  on  aluminum  oxide,  powdered  sugar,  and 
starch  by  thin- layer  chromatography.   On  the  basis  of  the 
absorption  spectra  and  the  chromatographic  behavior  the  pig- 
ment was  identified  as  a  carotenoid,  probably  a  carotene. 

The  carotene-containing  extract  was  further  purified  by 
chromatography  on  DEAE-cellulose ,  all  the  carotene  appearing  in 
a  single  peak  containing  8.6-10.8  mg  protein/^mole  carotene. 
This  protein  was  firmly  bound  to  the  carotene  and  could  be 
separated  only  in  part  by  extraction  with  dry  solvents. 

The  molar  ratio  of  chlorophyll  to  carotene  in  the  crude 
protein-chlorophyll  varied  from  7  to  14.   The  protein- 
chlorophyll  from  which  the  protein-carotene  had  been  extracted 
lost  its  ability  to  reduce  ferricyanide,  but  the  activity  could 
be  restored  by  adding  back  the  protein-carotene,  the  optimal 
molar  ratio  of  chlorophyll  to  carotene  being  about  10.   When 
added  to  whole  or  broken  chloroplasts ,  the  protein-carotene 
completely  inhibited  ferricyanide  reduction.   Plastoquinone, 
y?-carotene  and  FMN  were  unable  to  reactivate  the  protein- 
chlorophyll,  but  menadione  could  substitute  for  the  protein- 
carotene.   The  optimal  concentration  for  menadione  was,  however, 
1000  times  higher  than  that  of  the  protein-carotene.   The  data 
are  summarized  in  Table  IV.   This  effect  of  menadione  will 
explain  its  consistent  small  stimulation  of  ferricyanide  re- 
duction in  crude  protein-chlorophyll  (Table  I),  since  most 
preparations  had  less  than  the  optimal  concentration  of  protein- 
carotene  . 

The  protein-carotene  was  not  changed  during  ferricyanide  re- 
duction, and  could  be  recovered  intact  after  total  bleaching  of 
the  chlorophyll.   No  stoichiometry  existed  between  the  amount  of 
protein-carotene  present  and  the  amount  of  chlorophyll  bleached. 

In  conclusion,  we  have  isolated  soluble  protein-chlorophyll 
and  protein-carotene  complexes  from  spinach  chloroplasts  which 
together  are  able  to  photoreduce  ferricyanide.   In  light  of  the 
fact  that  no  oxygen  was  evolved  during  the  reduction  of  ferri- 
cyanide, and  that  CMU  had  no  inhibitory  effect,  these  complexes 
may  represent  a  model  for  that  photochemical  reaction  in  photo- 
synthesis, involved  in  raising  the  potential  of  the  reductant 
enough  to  reduce  NADP. 

The  protein  moiety  in  both  complexes  appears  to  have  a  non- 
enzymatic  function  in  their  activity,  and  may  be  the  factor 
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which  makes  the  pigments  preferentially  water-soluble.   In  the 

case  of  the  carotene,  all  activity  is  lost  when  the  pigment  and 

protein  are  separated;  in  the  case  of  the  chlorophyll,  we  have 

been  unable  as  yet  to  achieve  a  complete  separation. 

We  do  not  know  as  yet  whether  these  complexes  represent  a 
unique  fraction  or  whether  they  are  representative  of  most  or 
all  the  chlorophyll  in  the  chloroplast.   However,  we  would  like 
to  believe  that  the  reduction  of  ferricyanide  by  the  combination 
of  the  two  soluble  complexes,  is  by  a  mechanism  similar  to  that 
catalyzing  the  reduction  by  whole  chloroplasts .   If  so,  it  may 
represent  a  useful  tool  for  the  study  of  the  photochemical  re- 
actions involved  in  photosynthesis. 

Table  IV 

Reactivation  of  ferricyanide  reduction  by  protein- 
chlorophyll  extracted  with  25%  diethyl  ether  in 
petroleum  ether. 

jimole   ferricyanide  reduced    %  of 
mg  chlorophyll  x  hr control 

Unextracted  protein-chlorophyll       31.5  100 

+  protein-carotene  (1:10)*  36.2  115 

Extracted  protein-chlorophyll  6.9  22 

+  10"^  M/5-carotene  (1:10)*  6.7  21 

+  5  X  10   M  plastoquinone  7.3  23 

+  10~^  M  FMN  10.1  32 


+  protein-carotene  (1:10)*  35.4  112 

-3 
+10   M  menadione  38.4  122 

+  protein-carotene  and  menadione     49.6  157 

Approximate  molar  ratio  of  carotene  to  chlorophyll. 
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PHOTOREDUCTION  OF  NADP  BY  ASCORBATE  AND  HEMATOPORPHYRIN 
Anthony  San  Pietro,  Leo  P.  Vernon  and  Dorothy  Limbach 


Some  years  ago,  Krasnovsky  demonstrated  a  ohotochemical  reduction  of 
chlorophyll  by  ascorbic  acid  in  pyridine  solution  ^^' .     It  was  shown  further 
that  chlorophylls  in  light  catalyzed  the  transfer  of  electrons  f rom  ascorbate 
to  a  wide  variety  of  compounds  including  the  pyridine  nucleotides  ^^"^). 
Whereas  most  of  the  reactions  studied  by  the  Krasnovsky  group  have  been 
carried  out  in  non- aqueous  media,  certain  of  them  did  occur  in  aqueous 
media  ^^K 

Vernon  ^6)  extended  these  observations  and  showed  that  the  photoreduc- 
tion  of  pyridine  nucleotides  in  the  presence  of  ascorbate  and  partially  puri- 
fied photos ynthetic  pyridine  nucleotide  reductase  (PPNR)  is  catalyzed  by 
chlorophyll  a,  chlorophyll  b,  hematoporphyrin,  protoporphyrin  and  copro- 
porphyrin.     The  significance  of  this  finding  is  that  the  reaction  occurs  in 
aqueous  solution  and  requires  the  protein  PPNR  which  functions  in  the  natural 
photos  ynthetic  process  wherein  pyridine  nucleotides  are  reduced  (^). 

During  the  course  of  the  purification  of  PPNR  it  was  observed  that  the 
reduction  of  pyridine  nucleotides  by  illuminated  chloroplasts  requires  a 
flavoprotein  's,  9)^  pyridine  nucleotide  transhydrogenase  (transhydrogenase), 
in  addition  to  the  purified  PPNR.     There  was  no  reduction  of  pyridine  nucleo- 
tides in  the  presence  of  either  protein  alone;  when  both  proteins  were  pres- 
ent, the  reduction  of  pyridine  nucleotides  was  observed. 

In  his  initial  experiments  Vernon  (6)  used  a  partially  purified  prepara- 
tion of  PPNR  which  is  known  also  to  contain  the  transhydrogenase.     It  was  of 
interest,  therefore,  to  determine  whether  the  hematoporphyrin  and  ascorbate 
system  also  requires  both  proteins  as  does  the  chloroplast  system.    Con- 
trary to  expectation,  it  was  found  that  the  reduction  of  pyridine  nucleotides 
by  ascorbate  and  hematoporphyrin  requires  only  the  transhydrogenase. 
Purified  PPNR  was  completely  inactive  when  present  either  alone  or  together 
with  the  transhydrogenase.     Although  NADP  was  used  as  the  electron  acceptor 
in  the  experiments  reported,  similar  results  were  obtained  with  NAD. 

EXPERIMENTAL 

The  experimental  procedures  employed  and  the  description  of  most  of 
the  materials  used  have  been  previously  described  (^»  ^>  ^'^K  In  brief,  the 
standard  reaction  mixture  contained  0.  21-0.  27  pmole  of  hematoporphyrin; 
144  )jmoles  of  tris  buffer,  pH  7.  8;  44  pmoles  of  sodium  ascorbate;  2.  7  to  3.  4 
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pmoles  of  NADP  and  the  indicated  additions  in  a  final  volume  of  8  ml. 
time  of  illumination  was  5  minutes. 


The 


RESULTS 

The  relationship  between  the  rate  of  NADP  photoreduction  and  the  con- 
centration of  partially  purified  PPNR  is  shown  in  Fig.   1.     At  low  protein  con- 
centration, there  is  a  linear  relationship  between  the  rate  of  photoreduction 
of  NADP  and  protein  concentration;  at  higher  protein  concentrations,  the 
rate  is  independent  of  protein  concentration.    This  is  not  unreasonable  since 
the  experiments  were  not  carried  out  at  saturating  light  intensity.     In  separ- 
ate experiments  it  was  established  that  the  rate  of  photoreduction  of  NADP 
was  dependent  on  NADP  concentration. 
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Fig.   I.     (Left)    Effect  of  Partially  Purified  PPNR  upon  NADP 
Reduction  with  Hematoporphyrin  and  Ascorbate. 
Fig.  2.     (Right)    Lack  of  Effect  of  PPNR  upon  NADP  Reduction 
with  Hematoporphyrin  and  Ascorbate. 

Contrary  to  the  results  obtained  with  the  partially  purified  PPNR,  the 
purified  PPNR  was  completely  inactive  in  catalyzing  the  photoreduction  of 
NADP  or  NAD  in  this  system  (Fig.   2,  Lower  Curve).     As  can  be  seen  there 
is  a  photobleaching  of  the  hematoporphyrin  in  the  presence  or  absence  of 
purified  PPNR  (Fig.   2,  Lower  Curve).     When  transhydrogenase  is  included 
in  the  reaction  mixture,  there  is  observed  a  photoreduction  of  NADP  (Fig.   2, 
Upper  Curve).     Furthermore,  the  rate  of  photoreduction  of  NADP  in  the 
presence  of  transhydrogenase  is  unaffected  by  the  presence  or  absence  of 
purified  PPNR  (Fig.   2,  Upper  Curve). 

The  relationship  between  the  rate  of  photoreduction  of  NADP  and  the  con- 
centration of  transhydrogenase  is  shown  in  Fig.   3.     It  is  seen  that  there  is  a 
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linear  relationship  at  low  transhydrogenase  concentrations.     At  higher  trans- 
hydrogenase  concentrations,  there  is  some  deviation  from  linearity.    The 
same  results  are  obtained  whether  or  not  the  purified  PPNR  is  included  in  the 
reaction  mixture. 
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Fig.   3.     (Left)    Effect  of  transhydrogenase  upon  NADP  Reduction 

with  Hematoporphyrin  and  Ascorbate. 

Fig.   4.     (Right)    Light  Minus  Dark  Difference  Spectra. 

It  can  be  seen  that  the  curves  presented  in  Fig.   3  do  not  go  through  the 
origin.    This  is  due  to  the  fact  that  there  is  a  photobleaching  of  the  hemato- 
porphyrin when  illuminated  alone  or  in  the  presence  of  purified  PPNR.     Light 
minus  dark  difference  absorption  spectra  for  various  reaction  mixtures  are 
presented  in  Fig.   4.     When  transhydrogenase  and  hematoporphyrin  are  both 
present,  an  increase  in  absorbance  at  340  nnp  is  observed  (Curve  1).     For 
hematoporphyrin  alone  (Curve  2)  or  hematoporphyrin  plus  purified  PPNR 
(Curve  3),  there  is  a  decrease  in  absorbance  at  340  mp  upon  illumination. 

In  contrast  to  most  photos ynthetic  reactions  which  exhibit  light  saturation 
at  about  1000  foot- candles,  this  reaction  did  not  exhibit  light  saturation  over 
the  range  of  light  intensities  studied. 

DISCUSSION 

The  photochemical  reduction  of  pyridine  nucleotides  by  chloroplasts  is 
thought  to  require    both  PPNR  and  a  specific  flavoprotein  ^°'  ^^'  ^^^     It  is 
generally  assumed  that  the  PPNR  is  reduced  by  the  light-trapping  system 
(chlorophyll  a)  and  that  the  flavoprotein  catalyzes  the  transfer  of  electrons 
from  reduced  PPNR  to  NADP. 


In  the  experiments  reported  herein,  the  hematoporphyrin  serves  as  the 
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light- trapping  system  and  ascorbate  as  the  hydrogen  donor.    If  one  assumes 
that  this  system  functions  in  a  manner  analogous  to  the  chloroplast  system, 
then  the  transhydrogenase  must  catalyze  a  transfer  of  electrons  from  an 
activated  form  of  hematoporphyrin  to  NADP,    It  would  thus  appear  that  in 
this  soluble  system  transhydrogenase  can  interact  directly  with  the  activated 
hematoporphyrin  without  the  intervention  of  PPNR.     In  the  chloroplast  system 
there  is  no  direct  interaction  of  the  transhydrogenase  and  activated  chloro- 
phyll; the  interaction  between  them  is  mediated  by  PPNR.    The  difference 
between  these  two  systems  is  most  probably  due  to  the  fact  that  one  is  a 
soluble  system  and  the  other  is  a  particulate  system  with  a  very  high  degree 
of  organization. 

Recently,  Smillie  ^^^'  has  reported  the  isolation  of  a  flavoprotein  from 
Anacystis  nidulans  which  exhibits  PPNR  activity.     This  flavoprotein  will  sub- 
stitute  for  either  spinach  or  Anacystis  PPNR  in  a  number  of  reactions  which 
were  thought  to  be  specific  for  PPNR.    There  is  some  similarity  between  the 
data  presented  here  and  that  reported  by  Smillie  ^     '  but  any  possible  signifi- 
cant relationship  between  them  must  await  further  experimentation. 

It  should  be  noted  that  the  hematoporphyrin  system  exhibits  specificity 
for  the  transhydrogenase  flavoprotein  as  does  the  chloroplast  system. 
Lazzarini  and  San  Pietro  ^^'^'  have  isolated  another  flavoprotein  from  spinach 
which  exhibits  TPNH-diaphorase  activity  but  no  transhydrogenase  activity. 
This  flavoprotein  did  not  substitute  for  the  transhydrogenase  flavoprotein  in 
this  system. 

This  research  was  supported  in  part  by  a  grant  (GM- 10129)  to  one  of  us 
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PHOTOOXIDATION  OF  REDUCED  PMS  BY  CHLOROPLASTS  AND 
CHLOROPHYLL  A_ UNDER  ANAEROBIC  CONDITIONS  IN  THE  PRESENCE 

OF  QUINONES 

Leo  P.  Vernon,  Waldo  S.   Zaugg  and  Elwood  Shaw 

INTRODUCTION 

It  is  currently  held  that  photosynthesis  in  green  plants  comprises  two 
separate  light  reactions  which  couple  through  enzymatic  components  to 
complete  the  electron  transfer  span  from  water  to  reduced  pyridine  nucleo- 
tide.    The  primary  photochemical  act  for  the  long  wavelength  system  results 
in  transfer  of  electrons  from  a  cytochrome  situated  at  the  reaction  center  to 
an  electron  acceptor  such  as  ferredoxin,  which  can  then  couple  chemically 
with  other  electron  acceptors  such  as  NADP  '^"'*).     The  long  wavelength 
system  in  plant  photosynthesis  resembles  in  many  respects  the  photosyn- 
thetic  apparatus  found  in  bacteria  (4-7)_ 

The  photosynthetic  process  in  bacteria  involves  the  oxidation  of  cyto- 
chrome coupled  to  the  reduction  of  some  endogenous  component  within  the 
chromatophore  fragment,  such  as  ubiquinone  '^8-10)      j^i  studying  this  reac- 
tion in  detail,   Zaugg  demonstrated  that  bacterial  chromatophore  fragments 
catalyze  the  photooxidation  of  added  cytochrome  c  coupled  to  the  photo- 
reduction  of  added  UQ2  or  UQ^  under  anaerobic  conditions  '^^\     PMSH2  can 
substitute  for  cytochrome  c  in  this  reaction,  becoming  oxidized  in  a  coupled 
reaction  with  UQ2.  ~ 

Similar  experiments  have  been  attempted  with  chloroplasts.     With  deter- 
gents present  and  under  aerobic  conditions  it  was  possible  to  demonstrate  the 
photooxidation  of  ferrocytochrome  c  previously  reported  ^^^'  ^^'.     It  was  not 
possible  to  demonstrate  a  cytochrome  oxidation  coupled  with  quinone  reduc- 
tion under  anaerobic  conditions.    When  PMS  was  substituted  for  cytochrome 
c,  however,  a  coupled  oxidation  of  PMSH2  and  reduction  of  UQ2  was  demon- 
strated with  spinach  or  poke  weed  chloroplasts.     UQ^  was  less  active  than 
UQ2  in  these  reactions,  but  a  marked  stimulation  was  obtained  upon  the  addi- 
tion of  the  detergent  Triton  X-100.     With  this  detergent  present  either  UQ2 
or  UQ^  supported  the  photooxidation  of  PMSH2.     A  rapid  back  reaction  was 
observed  in  a  subsequent  dark  period  with  both  quinones.     Chlorophyll  a  in 
the  presence  of  Triton  X-100  also  catalyzes  the  reaction.     Since  this  reaction 
is  representative  of  the  primary  photochemical  reaction  thought  to  occur  in 
the  long  wavelength  system,   it  has  been  investigated  in  some  detail. 
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METHODS  AND  MATERIALS 

Chloroplasts  were  prepared  from  either  spinach  or  poke  weed  (Phytolacca 
americana)  as  previously  described  ^^',  and  were  stored  in  a  frozen  condition 
for  several  months  with  no  appreciable  loss  of  activity  for  the  present  reac- 
tion.   Chlorophyll  a  was  prepared  by  chromatography  on  a  powdered  sucrose 
column  as  described  previously  ^^^'.     PMS  was  purchased  from  Sigma  Chemi- 
cal Company,  UQg  and  sodium  deoxycholate  from  Mann  Research  Labora- 
tories, and  UQ2  was  a  gift  from  Merck,   Sharp  and  Dohme  Research  Labora- 
tories.   Triton  X-100  (alkyl  phenoxy  polyethoxy  ethanol)  was  purchased  from 
Rohm  and  Haas,  Philadelphia.    Experiments  were  performed  under  anaerobic 
conditions  with  Thunberg  tubes  attached  to  either  one  or  two  absorption  cells 
as  previously  described  ^^K     Anaerobic  conditions  were  obtained  by  alternate 
evacuation  and  flushing  with  Argon  gas  ^'^' .     The  reaction  mixtures  were 
illuminated  through  a  red  filter  (Corning  No.   2403)  by  means  of  a  tungsten 
filament  lamp  ^^L     Absorbancy  changes  caused  by  illumination  were  deter- 
mined with  either  a  modified  Bausch  and  Lomb  505  spectrophotometer  ^^'  or 
a  Beckman  DB  recording  spectrophotometer  ^^^'. 

RESULTS 

The  ability  of  chloroplasts  to  catalyze  a  coupled  photooxidation  of  PMSH2 
and  photoreduction  of  added  UQ2  is  shown  in  Figure  1.     For  these  experi- 
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Fig.   1.    Photooxidation  of  PMSH2  by 
poke  weed  chloroplasts  in  the  pres- 
ence of  UQ2.     Prior  to  illumination 
PMS  was  added  in  the  oxidized  form 
and  UQ2  was  added  in  the  reduced 
form  (reduced  by  sodium  borohy- 
dride).    The  reaction  mixture  was 
allowed  to  stand  for  5  minutes 
during  which  time  the  PMS  was  re- 
duced chemically  by  UQ2H2. 
Anaerobic  conditions  were  employed. 
The  reaction  system  contained  in  a 
final  volume  of  2.  0  ml  the  following 
in  fimoles:    PMS,  0.  1;  UQjHj,  0.  2; 
phosphate  buffer  pH  6.  6,   100;  and 
DCMU  (where  indicated),  0.  04. 
The  chlorophyll  content  of  the 
chloroplasts  was  6  pgrams,  and  the 
light  intensity  was  358  milliwatts. 


ments  PMS  was  added  initially  in  the  oxidized  form  and  the  quinone  in  the 
reduced  form,  resulting  in  chemical  reduction  of  PMS  by  the  added  reduced 
quinone  before  illumination  was  initiated.     Upon  illumination  a  rapid  increase 
in  absorbancy  at  388  mp  was  observed,  indicating  oxidation  of  the  added 
PMSH2.    Control  experiments  in  which  reduced  quinone  was  omitted  and  PMS 
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was  reduced  photochemically  by  white  light  in  the  absence  of  air  showed  that 
the  quinone  must  be  present  for  the  photooxidation  of  PMSH2  to  proceed. 
Turning  off  the  light  allowed  a  back  reaction  to  be  observed,  in  which  PMS 
was  rereduced  by  the  reduced  quinone  to  give  the  original  equilibrium  con- 
centration.   The  addition  of  DCMU,  a  specific  inhibitor  for  photos ynthetic 
oxygen  evolution  y^^',  had  no  effect  upon  the  photoreaction.    This  was  ex- 
pected since  this  reaction  should  not  involve  the  entire  photos  ynthetic 
machinery,  but  only  the  long  wavelength  system.     Quantasomes  frop  poke 
weed  were  prepared  according  to  the  directions  of  Park  and  Pon  ^     '  and  were 
found  to  be  active.    This  indicates  that  the  entire  chloroplast  fragment  is  not 
required  for  this  reaction,  but  only  the  primary  photos  ynthetic  system  in- 
volved in  photos  ynthetic  electron  transfer  reactions. 

The  effect  of  detergents  upon  the  photoreaction  is  shown  in  Figure  2. 
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Fig.  2.  (Left)  PMS  photoreactions  in  the  presence  of  spinach 
chloroplasts,  UQ2  and  detergents.  Conditions  as  for  Figure  1 
were  used,  and  where  present  Triton  X-100  was  0.  02  per  cent 
and  deoxycholate  was  0.  4  per  cent. 

Fig.   3.    (Right)    Photoreactions  of  PMS  with  poke  weed  chloro- 
plasts and  UQ^  or  TMQ  (trimethylbenzoquinone).     Reaction  con- 
ditions as  for  Figure  1. 

Triton  X-100  at  a  concentration  of  0.  02  per  cent  markedly  stimulated  the 
rate  of  PMSH2  photooxidation.    The  addition  of  deoxycholate  at  a  final  con- 
centration of  0.  4  per  cent  had  just  the  reverse  effect,  influencing  the  reac- 
tion system  to  cause  a  photoreduction  of  PMS.    It  should  be  noted  that  the 
PMS  was  initially  reduced  by  adding  UQ2  in  the  reduced  form,  allowing  the 
UQ2H2  to  react  with  PMS  to  an  equilibrium  position.     Sufficient  oxidized  PMS 
remains  to  allow  for  a  net  photoreduction  in  the  presence  of  deoxycholate. 


Figure  3  shows  that  UQg  in  the  absence  of  added  detergents  is  unable  to 
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support  an  extensive  photooxidation  of  PMSH2.     Addition  of  Triton  X-100 
allows  the  photooxidation  to  proceed,  while  addition  of  deoxycholate  causes  a 
photoreduction  of  PMS.    The  larger  aliphatic  side  chain  on  UQ^  decreases  the 
solubility  of  this  quinone  in  water.    This  may  explain  the  inactivity  of  the  UQ5 
in  the  absence  of  detergent. 

TMQ,  trimethylbenzoquinone,  was  also  tested  in  photoreactions  with  PMS. 
This  quinone  was  added  in  the  reduced  form  to  PMS  and  sufficient  time  allowed 
for  the  two  compounds  to  react  chemically.     Subsequent  illumination  in  the 
presence  of  chloroplasts  caused  no  appreciable  reaction.     The  addition  of 
Triton  X-100  resulted  in  a  photoreduction  of  PMS,  and  a  faster  photoreduction 
rate  was  obtained  by  the  addition  of  deoxycholate. 

Although  not  examined  in  detail,   other  detergents  were  also  tested  as  to 
their  effect  on  the  PMS  photoreactions.     Sodium  lauryl  sulfate,  an  anionic 
detergent,   resembled  deoxycholate  in  causing  the  chloroplasts  to  affect  a 
photoreduction  of  PMS,  while  digitonin  had  very  little  effect.     A  cationic  de- 
tergent ethylhexadecyldimethylammonium  bromide  also  behaved  like  Triton, 
resulting  in  a  marked  stimulation  of  the  photooxidation  rate  for  PMSH2. 

A  number  of  people  have  reported  on  the  effect  detergents  have  on  chloro- 
plasts and  chloroplast  activity.     Solubilization  of  chloroplasts  was  accom- 
plished in  1941  by  Smith,  using  digitonin,  bile  salts,  sodium  deoxycholate  and 
sodium  dodecyl  sulfate  (17-19)      ^^le  first  three  detergents  remove  and 
solubilize  the  chlorophyll  while  the  latter  splits  the  chloroplast  into  protein 
units  containing  the  pigment.     Ke  and  Clendenning  ^^^\  using  such  detergents 
as  sodium  dodecyl  sulfate,  Zephiran  chloride,  Tween  20,  Triton  X-100, 
digitonin,  bile  salts  and  saponin,  studied  the  effect  these  detergents  had  upon 
the  Hill  reaction  and  physical  properties  of  the  chloroplast.     Eversole  and 
Wolken  prepared  a  pigment -protein  complex  called  chloroplastin  by  treating 
chloroplasts  with  digitonin  ^     '  and  reported  that  it  retained  some  of  the 
photochemical  activities  of  the  chloroplasts.     Nieman  and  Vennesland  ^^^' 
reported  that  digitonin  treated  chloroplasts  catalyze  a  photooxidation  of 
ferrocytochrome  c.     Hinkson  and  Vernon  '     '  studied  the  effect  of  digitonin 
upon  ascorbate  photooxidation  in  the  presence  of  DPIP,  di  owing  that  digitonin 
treated  chloroplasts  are  more  than  six  times  as  reactive.    Chiba  and 
Okayama  '     '  studied  the  effects  of  Dupanol  C  and  span  80  upon  the  photo- 
oxidations  catalyzed  by  chloroplasts.    These  detergents  solubilize  the  chloro- 
plast and  cause  a  marked  increase  in  the  photooxidation  of  ascorbate  in  the 
presence  of  DPIP  under  aerobic  conditions.    Kondo  et  al.   ^^^'  have  studied 
the  effect  of  surface  active  agents  upon  chloroplasts  showing  that  cationic 
and  anionic  detergents  have  the  effect  of  either  fluculating  or  lysing 
(solubilizing)  chloroplast  preparations.    They  reported  that  nonionic  deter- 
gents had  no  effect. 

We  have  tested  the  effect  of  Triton  X-100  concentration  upon  the  chloro- 
plast preparations  used  in  our  experiments.    Table  1  shows  that  Triton  X-100 
is  able  to  remove  chlorophyll  from  the  chloroplast  with  complete  removal 
being  obtained  at  a  concentration  of  0.  02  per  cent.    Under  these  conditions 
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TABLE  1 

Removal  of  Chlorophyll  from  Chloroplasts  by  Triton  X-100 

Chloroplasts  equivalent  to  (a)  135  or  (b)  27  ugrams  of  chlorophyll  were  ex- 
tracted for  30  minutes  with  10  ml  of  solution  containing  detergent  at  the 
indicated  concentration.    The  mixture  was  then  centrifuged  for  30  minutes 
at  140,  000  X  g  in  the  Spinco  ultracentrifuge.    The  chlorophyll  remaining  in 
solution  was  determined  from  the  absorbancy  at  667  mp. 

Per  cent  Triton  X- 100  Per  cent  Chlorophyll  Removed 

a  b 

.002 
.005 
.010 
.020 
.040 
.080 


the  chlorophyll  becomes  solubilized  and  the  preparation  becomes  optically 
clear.    The  physical  properties  of  such  solubilized  chlorophyll  have  not  been 
determined,  so  it  is  not  known  if  it  exists  as  free  chlorophyll  or  is  attached 
to  a  small  particle.     (Chiba  ^^^>  has  reported  the  solubilization  of  a  chloro- 
phyll protein  from  chloroplasts  through  the  use  of  Oupanol. )    The  absorption 
spectra  of  an  original  chloroplast  suspension  and  the  detergent- extracted 
material  were  determined  with  the  Cary  Model  14  spectrophotometer 
equipped  with  an  apparatus  designed  for  measuring  absorption  spectra  from 
highly  scattering  suspensions.     In  the  red  region  the  absorption  maximum  of 
the  chloroplast  suspension  occurred  at  676  mp.    In  the  Triton  X-100  extract 
this  peak  shifted  to  667  mp  and  was  sharper  and  more  intense.     A  sharpening 
of  the  absorption  bands  was  also  observed  in  the  blue  region.    This  agrees 
with  the  data  presented  by  Kondo  et  al.   ^^'*'  who  examined  the  effect  of 
various  sodium  alkyl  sulfates  upon~the  absorption  spectra  of  chloroplasts  and 
derived  fractions. 

The  rates  of  PMSH2  photooxidation  under  the  various  conditions  of  deter- 
gent and  acceptor  quinone  are  shown  in  Table  2.    The  reactions  are  shown  as 
either  a  photooxidation  (with  ubiquinone  and  Triton  X-100)  or  a  photoreduction 
(with  TMQ  regardless  of  the  detergent).    The  rates  are  the  observed  initial 
reaction  rates  obtained  with  the  Spectronic  505  spectrophotometer.     Since 
this  instrument  is  limited  in  its  response  time,  it  is  probable  that  the 
actual  reaction  rates  are  faster  than  those  reported  in  Table  2. 
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TABLE  2 

Rates  of  PMS  Photoreactions  with  Spinach  Chloroplasts 

The  reaction  conditions  were  those  given  for  Figures  1  to  3  for  the  appro- 
priate quinones. 


Per  cent  Per  cent 

Quinone        Triton  X-100       Deoxycholate 


UQi 


UQ6 


TMQ 


0 

. 

02 

• 

06 

• 

06 

0 

0. 

4 

0. 

4 

0. 

04 

0. 

04 

0.4 


0.4 


0.33 


Rate  of 

Photoreaction 

pmoles/hr/mg  Chloroplasts 

Photooxidation        Photoreduction 

49 
160 
600 


0 

620 


240 


450 


790 


1740 


The  stimulation  of  the  PMS  photoreactions  by  the  presence  of  Triton 
X-100  caused  us  to  investigate  the  activity  of  isolated  chlorophyll  a.  As 
shown  in  Figure  4,  chlorophyll  a  in  the  presence  of  Triton  X-100  Eas  the 


Fig.   4.     Sensitization  of  PMS  photo- 
reactions by  chlorophyll  a  in  the 
presence  of  detergents.   "Chloro- 
phyll a  was  added  to  the  reaction 
mixture  from  a  methanol  solution 
to  a  final  concentration  of  4  pgrams. 
Other  conditions  as  in  Figures  1-3. 
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ability  to  catalyze  the  same  photoreactions  as  does  the  intact  chloroplast  or 
the  chloroplast  in  the  presence  of  detergent.    Thus,  both  UQ2  and  UQ^ 
support  a  photooxidation  of  PMSH2  while  TMQ  supports  a  photoreduction  of 
the  dye.     In  the  presence  of  deoxycholate  all  three  quinones  support  the 
photoreduction  of  PMS.     For  these  experiments  chlorophyll  a  was  added  to 
the  detergent  solution  from  a  methanol  solution.    The  resultant  preparations 
were  optically  clear,  and  were  carried  through  the  manipulations  in  the 
ordinary  fashion. 

Although  other  porphyrins  have  not  been  investigated  in  as  much  detail, 
it  should  be  mentioned  that  this  reaction  is  not  restricted  to  chlorophyll  a. 
In  the  presence  of  Triton  X- 100  the  following  porphyrins  support  a  photo" 
oxidation  of  PMSH2  in  the  presence  of  UQ2:    chlorophyll  a,  chlorophyll  b, 
bacteriochlorophyll, pheophytin  a,  chlorophyllin  a,  protoporphyrin  IX,  and 
tetraphenylporphyrin.     It  is  interesting  that  the  water  soluble  porphyrin, 
hematoporphyrin,  is  inactive.    This  is  unusual  since  this  compound  has  been 
shown  to  catalyze  the  photoreduction  of  methyl  red,  tetrazolium  blue,  and 
NADP  in  the  presence  of  ascorbate  ^^^'  '^'^'. 

Under  the  experimental  conditions  employed  the  reaction  was  not  satu- 
rated with  respect  to  light  intensity.     This  agrees  with  the  fact  that  PMS 
stimulated  photophosphorylation  does  not  show  the  usual  light  saturation 
response  ^"^^i.     A  preliminary  study  of  the  effect  of  pH  upon  the  reaction 
revealed  that  the  nature  of  the  reaction  was  sensitive  to  the  pH  of  the  medium. 
Thus,  with  UQ^  at  pH  values  between  6.  6  and  7.  6  the  usual  photooxidation  of 
PMSH2  was  observed  in  Triton  X-100  solutions.    When  the  pH  was  lowered  to 
6.  0,  however,  the  reaction  changed  to  one  of  photoreduction  of  PMS.    This 
again  indicates  that  the  reaction  is  very  sensitive  to  the  ionic  species  in  the 
reaction  mixture. 

DISCUSSION 

PMS  has  played  a  singular  role  in  the  biochemical  investigations  of 
photophosphorylation  and  associated  electron  transfer  reactions  in  both 
plants  and  bacteria.    In  the  plant  system  PMS  effectively  catalyzes  the  pro- 
cess of  photophosphorylation  l"*.  ^.  2  8)  j^y  virtue  of  its  being  alternately  oxi- 
dized and  reduced,  thus  completing  the  cycle  of  electron  flow  driven  by  the 
photochemical  system.     Evidence  for  direct  interaction  of  PMS  with  the 
components  of  the  photos ynthetic  apparatus  is  presented  from  the  extensive 
experiments  of  Witt  and  collaborators  as  summarized  in  reference  3.    These 
data  show  that  PMS  can  be  oxidized  either  through  the  endogenous  cytochrome 
(cytochrome  J)  or  by  chlorophyll  a  directly.    The  compound  also  operates  in 
the  bacterial  system  to  catalyze  cyclic  electron  flow  in  the  presence  of  the 
inhibitor  antimycin  A,  which  inhibits  one  step  of  the  cyclic  electron  transfer 
system.    PMS  serves  as  a  bypass  for  this  sensitive  site,  thus  completing 
the  cycle  and  allowing  cyclic  electron  flow  and  photophosphorylation  to 
proceed  '2^'  ^^'. 

The  behavior  of  PMS  in  the  photophosphorylation  system  is  unique  in  its 
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response  to  light  intensity.    Whereas  the  FMN  and  vitamin  K3  reactions  satur- 
ate at  a  moderate  light  intensity  (20,  000  lux),  the  PMS  supported  reaction  does 
not  saturate  at  light  intensities  of  50,  000  lux  or  at  154,  000  lux  i^^).     At  these 
high  light  intensities  the  photophosphorylation  rates  obtained  with  PMS  are 
high.    This  response  indicates  that  PMS  couples  to  the  photochemical  system 
in  a  unique  manner,  and  furthermore  that  the  photochemical  reaction  is  the 
rate  limiting  step  at  all  intensities  employed  in  the  PMS  catalyzed  photophos- 
phorylation system.    This  is  born  out  by  the  experiments  of  Hall  and  Arnon 
who  investigated  the  effect  of  ternperature  upon  various  photophosphorylation 
systems  at  low  light  intensity  '^^'.    Whereas  vitamin  K3  and  FMN  stimulated 
photophosphorylation  responded  in  the  usual  manner  to  temperature  changes 
from  - 10  to  15°  C,  the  PMS  supported  photophosphorylation  did  not  change 
through  this  temperature  range.    This  response  was  to  be  expected,  since  the 
photochemical  reaction  is  limiting  under  these  conditions. 

The  present  investigation  shows  that  PMS  does  indeed  react  directly 
with  either  the  chloroplast  or  isolated  chlorophyll  a  in  the  presence  or 
absence  of  detergents.     Furthermore,  this  reaction  can  be  coupled  to  the 
reduction  of  quinones.    The  PMS  photoreactions  catalyzed  by  both  chloro- 
plasts  and  isolated  chlorophyll  respond  in  like  manner  to  type  of  detergent 
present  and  pH  of  the  medium,  suggesting  a  direct  participation  of  the  chloro- 
phyll in  the  chloroplast  when  the  intact  chloroplast  is  used.    This  is  consis- 
tent with  the  unique  response  of  PMS  to  light  intensity  in  the  photophosphory- 
lation reactions  listed  above  '^^'  ^'^'  and  also  agrees  with  the  observation 
made  by  the  Marburg  group  (3)  that  when  concentrations  of  reduced  PMS 
larger  than  10'^  M  are  used,  the  PMS  bypasses  the  cytochrome  and  reacts 
directly  with  the  chlorophyll  a. 

It  is  apparent  that  the  reaction  described  in  these  experiments  is  com- 
plex.    It  is  influenced  by  the  nature  of  the  detergent  and  the  pH  of  the 
medium,  indicating  it  is  sensitive  to  a  change  in  the  charge  composition  of 
the  medium.     Although  interesting  speculations  can  be  made  concerning  the 
correlation  of  detergent  type  (anionic,  neutral  and  cationic  detergent)  and 
the  reactions  catalyzed,  it  would  be  premature  to  so  extend  the  present  data. 
It  is  well  known  that  the  photochemical  properties  of  dyes  are  markedly 
changed  by  the  environment  in  which  they  are  found.    This  is  particularly 
true  when  the  dyes  are  adsorbed  on  the  surface  of  macromolecules  as  shown 
by  Oster  and  Bellin  ^^^'  ^^'  and  more  recently  by  Kostenbauder  and  DeLuca, 
who  studied  the  ohotoactivity  of  riboflavin  in  the  presence  of  sodium 
decylsulfate  ^^^'. 

The  ability  of  quinones  to  act  as  electron  acceptors  in  photochemical 
reactions  involving  chlorophyll  is  well  known.    As  an  example  of  this  type  of 
reaction  can  be  cited  the  recent  experiments  of  Tollen  and  Green  ^^°'  ^  ' , 
who  investigated  electron  transfer  reactions  between  excited  chlorophyll  a 
molecules  and  various  quinones  (including  UQ^)  dissolved  in  organic  solvents. 
These  investigators  showed  that  electron  transfer  to  the  quinone  does  occur, 
and  furthermore  the  structure  of  the  quinone  used  as  electron  acceptor  has  a 
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profound  effect  upon  the  electron  transfer  reaction.    These  experiments 
were  performed  in  organic  solvents,  but  it  is  likely  that  in  the  qualitative 
sense,  these  data  can  be  translated  to  aqueous  solvents  with  detergents 
present. 

Contribution  No.  131  from  the  Charles  F,  Kettering  Research  Laboratory. 
The  abbreviations  used  are  as  follows:    NADP,  nicotinamide  adenine  dinucleo- 
tide  phosphate;   UQ2  and  UQ2H2,   ubiquinone  with  two  isoprene  units  and  its 
reduced  form;   UQ^  and  UQ6H2,   ubiquinone  with  six  isoprene  units  and  its 
reduced  form;  TMQ,  trimethylbenzoquinone;  PMS  and  PMSH2,  phenazine 
methosulfate  and  its  reduced  form. 
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FLUORESCENCE,  ENERGY  TRANSFER,  AND  SH-GROUPS  IN  PHOTO- 
SYNTHETIC  PIGMENTS  OF  RED  AND  BLUE-GREEN  ALGAE 

Eiji  Fujimori  and  Kenneth  Quinlan 


The  phycobilins  of  the  red  and  blue-green  algae  have  been  shown  to 
have  the  unique  property  of  utilizing  light  energy  more  efficiently  in 
photosynthesis  than  chlorophyll  a.    Duysens  ^  '  has  shown  that  the  energy 
absorbed  by  phycoerythrin  in  red  algae  is  transferred  mainly  to  fluorescent 
chlorophyll,  with  a  smaller  amount  to  the  weakly  or  non-fluorescent 
chlorophyll.    Spectral  studies  of  the  phycobilins  show  that  more  than  one 
type  of  chromophore  exist  in  the  chromoproteins  ^  K    Phycoerythrins  and 
phycocyanins  exhibit  various  numbers  of  absorption  maxima  in  the  visible 
which  are  due  to  different  types  of  chromophore.    At  present  time,  the 
energy  interactions  of  the  chromophores  within  the  same  pigment-protein 
complexes  as  well  as  those  between  the  different  types  of  chromophore  in 
the  phycobilins  and  the  different  forms  of  chlorophyll  are  not  clear.    A 
spectral  study  of  the  phycobilins  in  vivo  and  in  vitro  may  shed  light  on  the 
function  of  the  different  chromophores  in  photosynthesis  and  their  rela- 
tionship to  the  chlorophylls. 

Modifying  the  structure  of  the  protein  associated  with  the  photosynthe- 
tic  pigments  may  induce  changes  in  the  spectral  and  photochemical  pro- 
perties of  the  chromophores.    These  changes  may  elucidate  the  types  of 
energy  interaction  between  the  different  pigments.    This  paper  reports  the 
results  of  a  study  of  the  effect  of  the  sulfhydryl  blocking  agent,  p-chloro- 
mercuribenzoate  (PCMB),  on  purified  phycoerythrin  and  phycocyanin. 
These  results  are  correlated  with  the  changes  induced  by  PCMB  on  the 
ruptured  and  whole  cells  of  red  and  blue-green  algae.     Newton  '^  has 
shown  that  disulfide  and  sulfhydryl  groups  play  a  role  in  the  energetics  of 
photosynthetic  bacteria. 
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PHYCOERYTHRIN 


Treatment  of  purified  phycoerythrin  from  Ceramium  rubrum  with  PCMB 
eliminates  the  565  m;j. absorption  band  from  the  visible  spectrum  ^  ' .    This 
same  effect  has  been  found  in  the  present  study  with  purified  phycoery- 
thrin from  Porphyridium  cruentum.     Fig.  1  shows  the  disappearance  of  the 
565  m/ut  band  with  the  500  rr^uand  545  rrvu.  absorption  bands  remaining  in- 
tact.   The  latter  two  absorption  bands  disappear  on  reduction  with  sodium 
hydrosulfite.    Evidence  obtained  from  the  present  study  shows  that  a  seg- 
ment of  the  phycoerythrin  containing  the  500  vrp^  chromophore  can  be 
separated  from  a  segment  containing  the  545  dt/u.  and  565  rr^a  chromophores. 
This  result  will  be  described  below.    These  studies  illustrate  the  existence 
of  three  types  of  chromophore  in  phycoerythrin  and  the  influence  of  sul- 
fhydryl  groups  on  the  565  rr^  chromophore. 

The  addition  of  PCMB  to  native  phycoerythrin  decreases  the  fluores- 
cence intensity  with  time.    This  result  indicated  that  the  565  m;>  chromo- 
phore is  responsible  for  the  radiative  transition  since  the  absorption 
maximum  at  565  rryu^  is  the  only  one  effected  by  PCMB.    The  action  spec- 
trum of  the  fluorescence  (Fig.  2)  shows  also  the  participation  of  the  500  irys 
and  545  rrjiu.  chromophores  in  transferring  energy  to  the  565  m^u- chromophore. 
A  series  of  action  spectra  of  the  fluorescence  of  phycoerythrin  in  the 
presence  of  PCMB  presented  in  Fig.  2  shows  the  decrease  of  energy  trans- 
fer among  the  chromophores.     Since  the  500  rryu  and  545  rryj.  chromophores 
can  still  be  excited  in  the  presence  of  PCMB  (Fig.   1),  the  absorbed 
energies  must  now  be  dissipated  in  a  non-radiative  transition. 

The  sulfhydryl  content  of  phycoerythrin  has  been  determined  by 
amperometric  titrations  (Fig,  3),    A  value  of  eight  sulfhydryl  groups  per 
molecule  of  phycoerythrin  has  been  obtained,  assuming  a  molecular 
weight  of  290,000  ^^'  and  a  specific  extinction  coefficient  of  2.73  at 
565  rryx  ^  '  for  phycoerythrin.     It  is  not  known  what  fraction  of  these 
sulfhydryl  groups  are  associated  with  the  chromophore. 

PHYCOCYANIN 


The  purified  phycocyanin  from  the  blue-green  alga,  Anacystis 
nidulans,  exhibits  an  apparent  single  absorption  peak  at  615  m|j.  and  a 
fluorescence  at  640  m\y.     However,  the  action  spectrum  of  the 
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Fig.  1  Absorption  spectra  of  phycoerythrin 
(pH  7.0,  1.36x10-4mpCMB) 
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Fig,  2  Action  spectra  of  phycoerythrin  fluorescence  at  570  m^ji 
(pH  7.0,  1.36x10-4m  PCMB) 
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fluorescence  shows  two  distinct  bands  at  about  590  and  620  m|j.  (Fig,  4) 
which  correspond    to  at  least  two  different  types  of  chromophores.    These 
results  are  in  agreement  with  the  observation  of  Berns,  et  al.  ^'>  on  phy- 
cocyanin  obtained  from  the  blue-green  alga,  Plectonema  calothricoides. 
The  existence  of  two  chromophores  has  further  been  verified  by  the  reduc- 
tion  of  the  590  m|j.  chromophore  with  sodium  hydrosulfite.    The  shift  of  the 
fluorescence  band  towards  longer  wave-length  when  excited  by  light 
longer  than  615  m|jL  shows  that  both  chromophores  are  capable  of  fluores- 
cing.   Their  fluorescence  peaks  have  been  estimated  to  be  at  630  and 
650  mjji. 

In  the  presence  of  PC  MB  the  absorption  and  fluorescence  of  phycocyanin 
decreases.    This  decrease  can  be  partially  recovered  by  the  addition  of 
glutathione  as  shown  in  the  action  spectra  in  Fig.  4.    The  same  effect  has 
been  found  in  phycoerythrin.    The  change  of  the  spectral  properties  of 
phycocyanin  on  the  addition  of  PCMB  is  less  than  that  of  phycoerythrin. 
This  is  in  good  agreement  with  the  result  showing  a  much  smaller  sulfhy- 
dryl  content  for  the  phycocyanin.    Amperometric  titrations  show  a 
sulfhydryl  content  of  one  per  molecule  of  phycocyanin.    The  molecular 
weight  and  specific  extinction  coefficient  used  were  273,000  (^  and 
7.9  at  615  mpi  ^  ',  respectively.    The  action  spectrum  of  the  shorter  wave- 
length fluorescence  suggests  that  PCMB  does  not  influence  this  radiative 
transition  (Fig.  4).    The  sulfhydryl  blocking  agent  influences  only  the 
longest  wave-length  chromophore  as  found  with  phycoerythrin.    These 
chromophores  may  in  some  way  be  bonded  to  the  protein  through  the  sul- 
fhydryl group. 

RED  AND  BLUE-GREEN  ALGAE 


The  present  study  has  shown  that  the  longest  wave-length  chromophore 
of  the  purified  phycobilins  is  associated  with  sulfhydryl  groups  since 
PCMB  inactivates  the  longest  wave-length  absorption.    This  particular 
chromophore  is  also  capable  of  receiving  energy  from  the  shorter  wave- 
length chromophores.    This  investigation  was  extended  to  observe  the 
effect  of  PCMB  on  the  spectral  behavior  of  phycobilins  and  chlorophylls  in 
the  whole  and  ruptured  cells  of  red  and  blue-green  algae.    These  results 
may  give  additional  information  on  the  role  of  accessory  pigments  and 
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Fig.  3    Amperometric  titration  curve  of  phycoerythrin 
(pH  7.0,   1.095x10-1  g/1,  7  cc.) 
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Fig.  4    Action  spectra  of  phycocyanin  fluorescence  at  645  m^i 

(upper  solid  curve)  and  at  610  mfx.  (lower  solid  curve). , 

6.8x10-5m  PCBM; ,6.8x10-5m  PCBM  +  2xlO"^M  glutathione  (pH7.0) 
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chlorophylls  in  the  light  reactions  of  photosynthesis. 

When  the  cells  of  Porphyridium  cruentum  and  Anacystis  nidulans  are 
ruptured  by  sonic  oscillation  and  treated  with  PCMB,  the  change  of 
absorption  occurs  only  at  the  phycobilin  band.    The  absorption  and 
fluorescence  spectra  of  the  phycobilins  undergo  the  same  changes  as  the 
purified  phycobilins.    The  fluorescence  of  chlorophyll  excited  by  the 
phycobilins  also  decreases.    This  decrease  in  fluorescence  of  chlorophyll 
can  be  explained  by  the  decrease  in  efficiency  of  the  energy  transfer  from 
the  phycobilins  to  chlorophyll,  since  the  longest  wave-length  chromophore 
becomes  inactive. 

The  effects  of  PCMB  on  intact  cells  of  both  algae  are  different.    Fig.  5 
shows  the  gradual  increase  of  fluorescence  of  phycoerythrin  in  Porphy- 
ridium cruentum  and  the  initial  increase  of  chlorophyll  fluorescence 
followed  by  a  subsequent  decrease  when  phycoerythrin  was  excited. 
Fig.  6  exhibits  the  continuous  decrease  of  phycocyanin  fluorescence  and 
the  increase  of  chlorophyll  fluorescence  in  Anacystis  nidulans.    The 
increase  in  fluorescence  of  the  phycoerythrin  in  Porphyridium  cruentum 
has  been  found  to  be  due  to  the  release  of  a  modified  fluorescent  phy- 
coerythrin  from  the  cell  by  PCMB.    This  modified  fluorescent  phycoery- 
thrin is  different  from  the  non-fluorescent  one  formed  in  isolated  phy- 
coerythrin treated  with  PCMB.    Anacystis  nidulans  does  not  release  any 
pigment.    The  modified  phycoerythrin  exhibits  only  the  545  mpi  band  with 
the  inactive  565  m|jiband.    The  500  m|ji  chromophore  component  was 
found  to  remain  in  the  cell.     The  studies  of  modified  fluorescent  phycoery- 
thrin will  be  reported  elsewhere.    The  separation  of  modified  phycoery- 
thrin from  the  cell  explains  the  subsequent  decrease  of  energy  transfer 
from  phycoerythrin  to  chlorophyll.    The  initial  increase  of  the  fluores- 
cence of  chlorophyll  in  Porphyridium  cruentum  and  the  continuous  increase 
in  Anacystis  nidulans  may  be  the  result  of  an  efficient  direct  energy 
transfer  from  the  shorter  wave-length  chromophores  to  chlorophyll.     It  is 
also  suspected  that  the  structural  environment  or  arrangement  of  chloro- 
phyll may  have  been  changed,  since  a  continuous  increase  in  chlorophyll 
fluorescence  is  observed  in  the  PCMB-treated  whole  cells  when  chloro- 
phyll is  directly  excited  with  blue  light. 
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Fig.  5    Fluorescence  spectra  of  Porphyridium  cruentum, 
(pH  7.0,6.8x10-5m  PCMB,  Excitation  at  500  m|x) 
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Fig.  6    Fluorescence  spectra  of  Anacystis  nidulans. 
(pH  7.0,6.8x10-5m  PCMB,  Excitation  at  615  mh^) 
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In  summary,  additional  evidence  is  presented  for  the  presence  of 
different  types  of  chromophore  in  the  phycobilins.    The  longest  wave- 
length chromophore  of  the  phycobilins  interacts  with  sulfhydryl  groups  of 
protein.     It  was  shown  that  the  longest  wave-length  chromophore  is  cap- 
able of  receiving  energy  from  the  shorter  wave-length  chromophores, 
acting  as  a  bridge  in  transferring  the  energy  to  chlorophyll.    When  the 
longest  wave-length  chromophore  is  inactivated  by  PCMB,  the  energy 
transfer  from  the  shorter  wave-length  chromophores  to  chlorophyll  is  inter- 
rupted, as  shown  in  ruptured  cells.    The  studies  of  whole  cells  suggest  the 
existence  of  the  direct  energy  transfer  from  the  shorter  wave-length 
chromophore  to  chlorophyll  in  vivo. 
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STUDIES  OF  THE  LOCALIZATION,  PHYSICOCHEMICAL  PROPERTIES, 
AND  ACTION  OF  PHYCOCYANIN  IN  ANACYSTIS  NIDULANS 

John  A.  Bergeron 

The  "blue-green  algae,  classed  as  primitive  monerans^  '' ,  repre- 
sent the  lowest  level  of  organization  known  to  possess  a  higher 
plant  type  of  photosynthesis.  The  role  in  photosynthesis  of  the 
phycocyanin  in  these  organisms  is  particularly  interesting  from 
the  point  of  viey  of  ultra  structural  biochemistry.  It  has  "been 
shown  repeatedly\2"'7)  that  despite  the  primacy  normally  assigned 
to  chlorophyll,  the  light  absorbed  by  phycocyanin  is  used  more 
efficiently  for  photosynthesis  (equated  with  photosynthetic  oxy- 
gen evolution).  This  property  is  all  the  more  intriguing  since 
Hill  activity  is  very  labile  in  these  organisms;  the  loss  being 
correlated  with  the  release  of  phycocyanin^^^ .  Then  too,  it  has 
been  observed  that  fluorescence  at  about  685  mn,  attributed  to 
chlorophyll,  is  proportionately  greater  for  wavelengths  absorbed 
by  phycocyanin.  French  and  Young(9)  attributed  the  differential 
to  inactive  absorption  by  carotenoids  in  the  "Soret"  region  of 
chlorophyll,  but  DuysensvB)  concluded  that  the  magnitude  of  the 
difference  observed  by  him  was  too  great  to  be  explained  by 
screening.  Duysens  proposed  the  existence  of  two  pools  of  chloro- 
phyll of  about  equal  size;  one  containing  fluorescent,  photosyn- 
thetically  active  chlorophyll  in  proximity  to  phycocyanin,  the 
other  nonfluorescent,  photosynthetically  inactive  and  remote  from 
phycocyanin. 

We  have  studied  the  blue-green  alga  Anacystis  nidulans  in  the 
hope  of  obtaining  a  better  understanding  of  these  phenomena. 
This  unicellular  organism  is  characterized  by  a  high  capacity  for 
photosynthetic  oxygen  evolution,  minimal  dark  respiration  and  a 

feneration  time,  under  favorable  conditions,  of  about  two  hours 
10^11).  The  organism  is  maintained  in  continuous  culture  in  the 
D  medium(^^^  at  25°  or  35°  C  in  cylindrical  growth  chambers  of 
one  cm  light  path  thermostated  by  circulating  water  through  inner 
and  outer  jackets.  The  light  source  is  a  UO  W  daylight  fluores- 
cent tube  located  on  the  axis.  The  culture  is  kept  turbulent  by 
the  introduction  of  the  gas  mixture  (1-5^  COg  in  air)  via  a  med- 
ium porosity  frit  located  at  the  bottom  to  one  side. 
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LOCALIZATION  AND  INTRACELLULAR  CONCENTRATION 
OF  THE  PHOTOSYNTHETIC  PIGMENTS 

It  is  important  to  know  not  only  the  intracellular  localiza- 
tion of  phycocyanin,  but  also  the  relationship  of  phycocyanin  to 
the  chlorophyll -bearing  structures.  Electron. microscopic  obser- 
vations on  a  number  of  blue-green  algae^     ''  have  established 
the  presence  of  triple -layered  cytoplasmic  lamellae  as  a  consis- 
tent feature.  It  is  known  that  the  chlorophyll  containing  parti- 
cles, free  of  phycocyanin,  obtained  by  fractionation  of  broken 
cells  consist  of  lamellar  fragment sv 13 ) .  While  it  is  clear  that 
the  cytoplasmic  membranes  Contain  chlorophyll  and  that  the  integ- 
rity of  these  membranes  does  not  depend  upon  a  fixed  relationship 
with  phycocyanin;  the  relationship  of  these  membranes  to  phycocy- 
anin and  the  physical  basis  for  the  concept  of  two  pools  of 
chlorophyll  has  remained  obscure. 

Our  approach  to  these  questions  has  been  based  upon  the  follow- 
ing types  of  observations;  spectrophotometric  studies  of  the  pig- 
ments coupled  with  cell  counts  and  cell  volume  determinations, 
dark  field  fluorescence  microscopy  of  normal  organisms  and  organ- 
isms repeatedly  extracted  in  80^  acetone,  and  electron  microscopy 
of  intact  organisms  and  subcellular  preparations. 

The  concentration  of  chlorophyll  a  and  phycocyanin  in  cell 
suspensions  was  calculated  by  the  procedure  of  Kratz  and  Meyersi^' 
from  the  absorption  spectra.  Opal  glass  was  used  to  reduce  the 
effect  of  light  scattering.  The  concentration  of  organisms  in 
the  suspensions  was  calculated  from  measurements  with  a  Petroff- 
Hausser  bacteria  counter.  These  n\jmbers  suffice  to  calculate  the 
pigment  content  of  the  cells.  For  typical  type  E  cellsv^^)  from 
log  phase  the  average  chlorophyll  content  was  2.05  x  10~11  mg6ell 
or  1.3  X  10'  molecules.  The  phycocyanin  content  was  1.52  x  lO'^*-^ 
mg/cell  or  3 '27  to  6.5U  x  105  molecules  depending  upon  the  as- 
signed molecular  weight  (see  below).  An  average  cell  volume  was 
calculated  fran  measurements  (n  =  50)  of  the  length  and  diameter 
of  these  cells  from  phase  contrast  micrographs  taken  at  known 
magnification  and  enlarged  upon  Resist©  paper.  From  the  mean 
diameter  (O.92  ±  0.01  n)  and  length  (2.67  ±  0.82  |i)  the  mean  vol- 
ume was  calculated  as  the  sum  of  two  hemispheres  and  a  right  cyl- 
inder (H  =  L  -  D) .  The  average  volume  was  I.58  x  10~12  cc.  On 
this  volume  basis  the  intracellular  pigment  concentration,  ex- 
pressed over  the  entire  cell,  is  l.kk   x  10"2  M  for  chlorophyll 
and  3.1|4  to  6.88  x  10"^  M  for  phycocyanin. 

It  is  easy  to  observe,  but  difficult  to  record  by  photography. 
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Fig.  1.  Dark  field  fluorescence 
micrograph  of  extracted  Anacystis 
showing  nonfluore scent  axial  region. 
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ABSORPTION  OF  ANACYSTIS    NIOULANS 
AFTER    CHLOROPHYLL ^EXTRACTION 

10%  FORMALIN  FIXED 
80%  ACETONE 
EXTRACTED 


400       460       520        580      640        700       760 
WAVE   LENGTH     m^ 

Fig.  2.  Absorption  spectrum  of 
Anacystis  repeatedly  extracted  in 
805&  acetone  after  15  min  exposure 
to  10^  formalin. 


that  the  red  fluorescence 
of  phycocyanin  and  chloro- 
phyll is  restricted  to  the 
cortex  of  the  organism. 
This  is  still  true  -v^en 
enough  chlorophyll  has  beoi 
extracted  so  that  the  pig- 
ment is  no  longer  observ- 
able in  the  absorption 
spectrum  (Figs.  1  &  2) .  It 
seems  appropriate  to  con- 
clude that  the  bulk,  if  not 
all,  of  the  fluorescent 
chlorophyll  and  phycocyanin 
is  in  the  cortex. 

This  result  is  not  sur- 
prising since  the  axial  re-  • 
gion  of  Anacystis  resembles 
the  bacterial  nucleoid.  In 
our  cultures  the  fine  struc- 
ture of  organisms  taken 
from  the  log  phase  of 
growth  is  typified  by  the 
example  in  Figure  3'  The 
peripheral  cytoplasm  is  in- 
completely partitioned  by 
two  concentric  membranes 
spaced  about  500  A  apart. 
There  is  also  present  a 
third  incomplete  membrane. 
Employing  Figure  3  as  an 
example  of  an  axial  section 
we  have  attempted  to  assess 
whether  the  cytoplasmic 
membranes  could  account  fbr 
all  of  the  chlorophyll  and 
also  the  effect  of  limit- 
ing the  phycocyanin  to  the 
cortex.  Frcm  the  volume 
(8.0  X  10~13  cc)  calcula- 
ted for  this  cell  compared 
with  the  concentrations 
calculated  for  the  average 
cell  (volume  of  I.58  x 
10-12  cc)  this  cell  would 
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contain  6.9U  x  10  molecules  of  chlorophyll.  The  lamellar  area 
available  for  chlorophyll  (each  membrane  has  two  sides,  the  innei> 
most  is  treated  as  a  half)  is  I.83  x  109  A^  or  272  K^   per  molecuLa 
Sinc|  the  area  of  the  "head"  of  the  chlorophyll  molecule  is  about 
225  A^  all  of  the  chlorophyll  could  be  accommodated  in  the  cyto- 
plasmic membranes  -v^ich  occur  in  the  fluorescent  cortical  region. 

The  cortical  volixme  was  calculated  (6.U3  x  10"^  cc)  and  used 
to  estimate  the  cortical  concentration  of  phycocyanin  {k.2k   to 
8.52  X  10"  M).  At  this  concentration  the  maxim\un  possible  uni- 
form separation  between  adjacent  molecules  is  between  12l4-  and  I56 
A.  For  spherical  protein  molecules  in  the  molecular  weight^range 
of  l.k   to  2,8  X  105  gm/mole  the  diameter  would  be  70  to  90  A. 
This  maximum  possible  uniform  spacing  would  leave  the  molecules 
less  than  a  molecular  diameter  apart.  It  seems  likely  that  the 
phycocyanin  molecules  exist  between  the  lamellae  in  a  state  in 
•v^ich  molecular  interaction  is  probable.  These  observations  are 
not  consistent  with  the  hypothesis  that  phycocyanin  is  related  to 
one  pool  of  chlorophyll  and  remote  from  another  of  equal  size. 
Another  explanation  should  be  provided  to  account  for  the  appar- 
ently greater  efficiency  of  phycocyanin  in  producing  chlorophyll 
fluorescence  (see  below). 

PETySICOCHB^ICAL  STATE  OF  PHYCOCYANIN  IN  VIVO 

It  is  knownV 22-24)  that  phycocyanin  dissociates  reversibly  in 
the  pH  range  between  6  and  7.  Apparently  investigators  interest- 
ed in  the  photosynthetic  activity  of  this  protein  have  not  con- 
sidered the  potential  significance  of  this  property. 

Phycocyanin  was  released  from  Anacystis  nidulans  by  rupturing 
the  organisms  in  a  French  pressure  cell  in  phosphate  buffer  (O.l 
M,  pH  5.7).  The  purification,  excepting  the  precaution  of  not 
allowing  the  pH  to  rise  above  5.7,  followed  the  procedure  of 
Hattori  and  Fujita(2^).  Figure  h   illustrates  that  there  is  a 
decrease  in  absorption  of  the  621  mn  maximum  and  a  broadening  of 
the  band  width  over  the  pH  range  where  dissociation  occurs.  The 
fluorescence  of  the  protein  also  changes.  Figure  5  illustrates 
that  the  dimer  possesses  a  fluorescence  maximum  at  68O  mpi  which 
is  depressed  for  the  monomer.  When  molecular  interaction  is  en- 
hanced by  the  addition  of  ammoniiam  sulfate,  the  660  mn  maximum 
is  depressed  leaving  the  68O  mn  band  as  the  maximijm.  By  contrast^ 
monaneric  phycocyanin,  similarly  treated,  does  not  show  a  com- 
parable alteration  of  the  fluorescence  spectrum.  These  observa- 
tions provide  an  alternative  explanation  for  the  results  obtained 
for  the  fluorescence  of  blue-green  algae  since  piirified 
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Fig.  3.  An  electron  micrograph  of  an  axial  section 
of  Anacystis  nidulans.  The  cortex  is  incompletely 
partitioned  by  three  concentric  membranes  spaced 
about  500  I   apart  (scale  =  1  ^). 


532 


John  A.  Bergeron 


I  I 

10- 
09- 
08- 
0  7 


u  06 


< 


05 


04 


02 


-1 — I — I — I — I — I — I — I — I — I — I — I — I — I — I — I — I — 1 — I — I — 1 — r 
ABSORPTION    OF  PURE    PHYCOCYANIN 
IN   OIM    PHOSPHATE    BUFFER 
NORMALIZED   TO  EQUAL    PROTEIN 
CONCENTRATIONS 

pH  5.7 

pH  6   3 

pH  7  5  —  •    — 

HALF-BAND  WIDTH 

pH  5  7  64  m^ 
pH  6  3  68m;i 
pH  7    5         75  m^ 


260  300   360    420   480   540   600   660   720  760 

WAVE  LENGTH  m^ 


Fig.  U.     Effect  of  pH  on  the  absorption  of  piirified 
phycocyanin. 
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Fig,  5»  Fluorescence  of  pure  iihycocyanin  in  several 
states  excited  at  578  d^* 


phycocyanin  can  exhibit  a  fluorescence  maximum  very  close  to  the 
fluorescence  of  chlorophyll  in  vivo. 

V/hen  Anacystis  is  extracted  repeatedly  with  80^  acetone  and 
returned  to  buffer,  the  fluorescence  excited  at  578  in^  or  hsS  mn 
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has  a  well  defined  680  mn  component  (Fig.  6).  If  this  were  due 
to  chlorophyll  it  should  be  exaggerated  with  U36  mn  excitation 
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Fig.  6.  The  fluorescence  of  acetone  extracted  Anacystis. 

and  depressed  with  578  m\i   excitation.  Since  the  two  curves  are 
almost  identical  we  conclude  that  most  of  the  68O  mn  emission  of 
the  extracted  organisms  is  not  due  to  chlorophyll  and  that,  there- 
fore, the  phycocyanin  is  in  a  state  which  resembles  the  effect  of 
aggregation  on  a  mixture  of  monomeric  and  dimeric  phycocyanin. 
If  the  fluorescence  of  phycocyanin  in  vivo  is  similar  to  the 
emission  observed  in  this  case  for  the  residue  then  the  enhanced 
fluorescence  at  68O  mn  is  explained.  Figure  7  illustrates  the 
fluorescence  of  Anacystis  at  room  temperature  for  equal  quanta 
absorbed  at  ^36  m\i   and  578  m|i  for  a  very  dilute  suspension.  We 
have  superimposed  the  fluorescence  of  the  extracted  organisms, 
monomeric  phycocyanin  and  dimeric  phycocyanin.  Depending  upon 
the  curve  selected  to  represent  the  contribution  of  phycocyanin 
to  the  fluorescence  excited  by  57^  mi-i  light,  it  could  be  concluded 
that  energy  absorbed  by  phycocyanin  is  between  1  to  U  times  as 
effective  in  exciting  chlorophyll  as  light  absorbed  at  U36  m\i. 
If  we  consider  screening  by  carotenoids  then  light  absorbed  by 
phycocyanin  probably  is  50  to  100^  as  effective  in  exciting 
chlorophyll  fluorescence  as  light  absorbed  directly  by  chloro- 
phyll. 

ACTION  OF  PHYCOCYANIN  IN  PHOTOSYNTHESIS 


The  essence  of  the  preceding  paragraphs  is  that  the  enhanced 
activity  of  phycocyanin  in  photosynthetic  oxygen  evolution  can 
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Fig.  7.  Fluorescence  of  Anacystis  nldulans  per  quantum 
absorbed  at  578  niM  and  U36  mi-i  compared  vith  the  fluo- 
rescence of  extracted  organisms  and  pure  phycocyanin  in 
the  monomer  and  dimer  states. 

not  "be  attributed  to  action  by  vay  of  the  bulk  of  the  chlorophyll. 

We  have  used  fluorescence  studies  at  low  temperature ^ ^5) 
(liquid  nitrogen)  in  an  attempt  to  determine  whether  light  ab- 
sorbed by  phycocyanin  is  preferentially  transferred  to  a  species 
which  is  not  well  excited  by  way  of  the  chlorophyll- -as  Figiire  8 
shows,  such  a  species  exists.  In  Anacystis  there  are  in  addition 
to  phycocyanin  and  chlorophyll  two  species  which  are  very  weakly 
fluorescent  at  room  temperatxire  but  appear  as  major  emission 
bands  at  liquid  nitrogen  temperature;  one  at  7OO  m.\i,   the  other  at 
720  mn.  On  the  basis  of  location,  preferential  excitation  via 
chlorcfphyll,  and  ferricyanide  bleaching, we  have  tentativelv 
equated  the  latter  species  with  the  P-7OO  of  Kok  and  HochV^"), 
the  oriented  705  pigment  of  Olson  and  Butler(27*28)^  g^^^  ^q 
oriented  695  chlorophyll  of  Sauer  and  Calvin^ ^9).  that  is,  the 
energy  acceptor  or  sink  for  system  one  of  photosynthesis.  By 
analogy,  we  infer  that  the  7OO  m|i  fluorescence  which  is  prefer- 
entially excited  by  phycocyanin  may  be  the  energy  sink  for  the 
oxygen  evolving  system  or  system  two.  If  this  species  absorbs  on 
the  short  wavelength  side. of  the  ordinary  chlorophyll  a  like  so- 
called  chlorophyll-670'30)  then  poor  overlap  with  the  bulk  of  the 
chlorophyll  would  account  for  poor  excitation  by  chlorophyll  but 
excellent  excitation  via  phycocyanin. 

Within  the  framework  of  the  concept  of  two  spectrally  differa± 
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Fig.  8.  Effect  of  temperature  on  the  fluorescence  of 
Anacystis*  Two  new  bands  appear  at  -196°  C,  one  at 
700  mn,  the  other  at  720  m\i, 

energy  sinks  which  straddle  the  red  absorption  maximum  of  the 
bulk  of  the  chlorophyll  £  it  is  possible  to  explain  the  energy 
flow  between  the  two  light  reactions  of  higher  plant  photosynthe- 
sis by  means  of  sensitized  fluorescence.  Presumably  the  phyco- 
cyanin  and  phycoerythrin  of  blue-green  and  red  algae  and  the 
chlorophyll  b  of  higher  plants  fill  the  role  of  funneling  energy 
into  the  energy  acceptor  of  system  two. 
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VII.     CHLOROPLAST  STRUCTURE 
AND  ORIENTED  MOLECULES 


i 


EXPERIMENTS  MADE  TO  ELUCIDATE  THE  MOLECULAR 
STRUCTURE  OF  CHLOROPLASTS 
Wilhelm  Menke 


It  has  been  known  at  least  since  1940  that  the  chloroplasts  possess  a  lamel- 
lar fine  structure*^'      '      '    ''.     It  has  also  been  known  since  that  time  that  the 
grana  are  not  independent  structural  elements,    but  differentiations  of  the 
lamellar  system^;     Not  until  20  years  later  was  the  general  morphological 
structural  principle  of  the  lamellar  system  discoveredP'    ^'     ''    "•    ^'.      Fig.    1 
shows  the  most  important  types  of  these  lamellar  systems  in  bacteria,    cyano- 
phyceae,    algae  and  higher  plants  in  schematic  representation.      The  structural 
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Fig.    1.     Main  types  of  the  photosynthetic  lamellar  system. 

a-  Purple  bacteria;  b-  Cyanophyceae  and  Rhodophyceae; 

c-  Grana-free  chloroplasts;  d-  Grana -containing  chloroplasts 

elements  of  the  lamellar  system  are  in  every  case  membranes  closed  sack- 
like in  themselves,    for  which  I  have  suggested  the  name  "thylakoids".      Thyla- 
koids  are  usually  flattened,    but  may  sometimes  be  swollen  like  vesicles.     We 
know  that  the  photochemical  reactions  of  photosynthesis  and  electron  trans- 
port take  place  within  the  thylakoid  membranes^  '. 

A  certain  uniformity  in  chemical  structure  appears  to  correspond  to  the 
uniform  morphological  structure  principle.      Thylakoids  consist  of  proteins, 
lipids  and  a  nvimber  of  other  compounds.     After  the  extraction  of  the  lipids 
(about  45-48%  of  the  dry  weight)  and  washing  of  the  residue  with  water  and 
saline  solutions  about  52-55%  of  the  dry  weight  of  the  thylakoids  remains. 
This  contains  about  80-85%  amino  acid  residues,    8-10%  carbohydrates  and  1% 
nucleotides.     Part  of  the  carbohydrates   -  among  which  arabinose  and  galac- 
tose predominate   -  can  be  split  off  by  treatment  with  phenol.      The  amino  acid 
composition  of  the  lamellar  structural  protein  thus  obtained  is  remarkably 
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alike  in  the  case  of  all  plants  examined  so  far  (Fig.    2;    '        .     Terminal  group 
determinations  showed  that  a  considerable  number  of  different  polypeptide 


Fig.    2.     The  amino  acid  composition  of  the  lamellar  structural 
proteins  from  thylakoids  of  different  plants  (left  to  right  for  each 
amino  acid)  Oscillatoria  chalybea,    Chlorella  pyrenoidosa,    Allium 
porrum,    Spinacia  oleracea,    Antirrhinum  majus 

chains  is  involved  in  the  build-up  to  the  lamellar  structural  proteiri^^.      It  has 
so  far  been  possible  to  dissolve  the  lamellar  structural  protein  only  in  anhy- 
drous formic  acid.     It  is  decomposed  into  subunits  in  this  process,    which 
sediment  fairly  uniformly  in  the  ultracentrifuge  at  5.  9  S.      The  particle  weight 
is  about  165,  OftO.x    Further  decomposition  takes  place  during  oxidation  with 
performic  acia     . 

The  composition  of  the  lipid  mixture  is  not  so  uniform  in  various  plants, 
although  it  also  has  common  and  characteristic  features.     I  would  draw  atten- 
tion here  to  the  presence  of  galactolipids  and  the  predominance  of  linolenic 
acid  among  the  fatty  acidi^^'    ^°'    ^'^ •    ^^'    ^9,    20;     -^he  thylakoids  contain  8-10% 
chlorophyll.     The  quantitative  chemical  analysis  of  chloroplasts  and  their 
lamellar  system  is  but  one  of  the  ways  to  be  adopted  in  elucidating  the  molec- 
ular structure. 

It  is  known  that  chloroplasts  are  double  refracting  and  dichroic.  ^  The  fluo- 
rescence emitted  by  chloroplasts  is  in  part  linearly  polarized     '    ^^.     The 
analysis  of  optical  anisotropy  showed  already  quite  some  time  ago  that  the 
chloroplasts  possess  lamellar  fine  structure,    and  that  the  lamellar  system 
probably  consists  of  protein  and  lipid  layers  which  alternate  with  each  other, 
tha  lipid  molecules  being  oriented  perpendicularly  to  the  planes  of  the  lamel- 
lae^ '.      The  same  result  can  be  derived  from  volumetric  studies  (Fig.    3).     If 


water 


Fig.    3.     a- Changes  in  size  and  shape  of  chloroplasts  of  Plagiochilla 
asplenioides  due  to  loss  of  water  and  lipid  extraction;  b-  The  layer 
model;  c-  The  particle  model 


chloroplasts,    the  water  of  which  has  been  extracted  by  preservative  drying, 
are  extracted  with  organic  solvents,    their  diameter  remains  unchanged,    while 
their  thickness  is   reduced  to  almost  half.      This  must  be  the  case  if  proteins 
and  lipids  are  present  in  separate  layers.      The  diameter  of  mixed  layers  of 
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lipids  and  proteins  would  have  to  decrease  upon  extraction  of  the  lipids.      The 
water  content  of  chloroplasts  was  also  determined  by  volumetric  studies. 
Chloroplasts  contain  65-80%  of  water,    about  three-quarters  of  which  is  em- 
bedded inte  r  lamella  rly*^. 

We  have  been  engaged  for  anumber  of  years   -  initially  in  collaboration 
with  Professor  Kratky  in  Graz^    ,    and  later  on  in  Cologne  with  Dr.    Kreutz   - 
in  studies  aimed  at  obtaining  further  information  about  the  structure  of  the 
lamellar  systenn  by  X-ray  small  angle  scattering.      We  hoped  thus  to  be  able 
to  determine  the  thickness  of  the  individual  layers  and  the  period  of  thylakoid 
stacking,    and  perhaps  also  to  discover  something  about  the  structure  of  the 
layers. 

We  began  by  determining  the  thickness  of  the  protein  layers  from  the  dif- 
fuse X-ray  small  angle  scattering*^    .     Evaluation  of  the  scattering  curves  is 
comparatively  simple  only  if  the  protein  layers  lie  individually  distributed  in 
the  preparation  without  any  preferred  orientation.      In  order  to  obtain  prepar- 
ations which  largely  satisfy  these  requirements,    the  chloroplasts  were  washed 
thoroughly  with  water,    freeze -dried,    extracted  with  organic  solvents,    washed 
again  with  water,    freed  from  rapidly  sedimenting  portions,    and  freeze -dried 
once  more.      The  analysis  of  scattering  curves,    which  was  effected  by  various 
procedures,    showed  that  a  lamellar  system  was  present  in  the  preparations, 
and  that  the  protein  layers  are  48-2   A  in  thickness.      It  was,    however,    discov- 
ered that  the  preparations  in  general  contain  not  only  individual  layers  but 
also  stacks  consisting  of  a  small  number  of  protein  layers.      It  was  discovered 
later  on  that  the  scattering  curj^es  display  a  broad  maximum,    corresponding 
to  a  Bragg' s  value  of  about  36  A.     The  only  explanation  of  this  maximum  is 
that  there  is  a  periodicity  within  the  plane  of  the  protein  lamellae.     This  peri- 
odicity manifested  itself  repeatedly  also  later  on,    when  we  had  changed  over 
to  examining  chloroplasts  in  an  aqueous  suspension  and  in  living  cells.      The 
best  coincidence  between  the  computed  and  experimental  scattering  curves 
was  found  upon  assumption  of  a  quadratic  lattice  consisting  of  particles   scat- 
tering equivalent  to  spheres  of  31.4  A  in  diameter.      The  lattice  arrangement, 
however,    does  not  extend  over  the  whole  protein  layer  but  is  restricted  to 
crystallites.     Each  crystallite  probably  consists  of  25-30  particles.      The 
crystallites  are  joined  loosely  or  else  separated  from  each  other  by  amor- 
phous intermediate  regions       . 

It  appeared  natural  to  determine  next  the  thickness  of  the  non-extracted 
thylakoid  membranes  in  freeze-dried  preparations.     Analysis  of  the  scatter- 
ing curves  showed  a  value  of  48  A    in  this  case  as  well.      This  surprising  re- 
sult is  explained  by  disorganization  of  the  lipids,    which  takes  place  during 
drying.      Films  of  chloroplasts  dried  onto  glass  also  showed  some  interfer- 
ences attributable  to  secondary  crystallization  of  some  components  of  the 
disorganized  lipid  mixture^      .      Lipid  crystals  are  visible  in  the  polarization 
microscope  under  intensive  illumination. 

Since  loss  of  water  obviously  results  in  partial  destruction  of  the  structure 
of  thylakoid  mernbranes,    isolated  chloroplasts  in  an  aqueous  suspension  were 
examined  next^'.      These  produced  usable  scattering  curves  which,    however, 
varied  to  a  certain  degree  between  one  preparation  and  another.      In  addition 
scattering  curves  of  living  Chlorella  cells  were  recorded,    which  in  turn  dif- 
fered from  the  scattering  curves  of  isolated  chloroplasts   (Fig.    4).     It  was  now 
a  case  of  finding  models  for  the  individual  scattering  curves,    the  computed 
scattering  of  which  would  coincide  with  the  experimental  scattering  curves. 
These  models  should  be  of  such  a  nature,    that  they  all  derive  from  one  basic 
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model  by  slight,    plausible  alternations.     This  basic  model,    on  which  the  scat- 
tering curves  are  based,    has  the  following  properties:     it  consists  of  mem- 
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Fig.    4.     Small  angle  scattering  curves  of  isolated  chloroplasts 
(Antirrhinum  majus),    above,    and  living  cells  (Chlorella  pyrenoid- 
osa),    below. 


experimental  curve 

calculated  curve 

difference  between  experimental  and 

calculated  (mean  values) 


branes,    each  of  which  is  composed  of  two  layers  of  different  electron  density. 
These  asymmetric  membranes  are  oriented  pairwise  enantionnerically  toward 
each  other.     One  layer  is  continuous,    the  other  of  corpuscular  structure. 
According  to  the  former  results  the  corpuscular  layer  is  protein,    and  the 
continuous  layer  is  lipid  material.     The  dimensions  of  the  model  and  the  per- 
iod of  stacking  can  be  gathered  from  Fig.    5.      The  differences  between  the 
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Fig.    5.     Schematic  transversal  section  through  a  thylakoid  stack 


individual  experimental  scattering  curves  are  explained  by  a  certain  variabil- 
ity in  the  period  and  by  statistical  fluctuations  in  distance.     A  further  point  to 
be  taken  into  consideration  in  isolated  chloroplasts  of  Antirrhinum  is  the 
scattering  of  the  regions  of  the  lamellar  system  situated  between  the  grana, 
and  in  Chlorella  the  scattering  of  the  matrix  and  of  the  remaining  cell  struc- 
tures.    The  constant  component  is  in  every  case  the  scattering  of  the  pairs  of 
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polarly -built  thylakoid  membranes  which  are  oriented  enantiomerically  to 
each  other. 

The  next  point  to  be  clarified  was  the  manner  in  which  the  individual  thyla- 
koid membranes  are  linked  to  the  thylakoid,    i.    e.    whether  the^rotein  layer 
or  the  lipid  layer  forms  the  external  boundary  of  the  thylakoid'^'^'.      This  ques- 
tion could  be  answered  since  it  proved  possible  to  obtain  films  of  oriented 
chloroplasts  in  which  no  noticeable  disorganization  of  lipids  had  taken  place, 
by  drying  a  chloroplast  suspension  onto  glass  plates.      In  such  films  the  thyla- 
koids  are  situated  approximately  parallel  to  the  film-plane.      Fronm  the  point 
of  view  of  polarization  optics  the  whole  film  behaves  like  an  uniaxial  double - 
refracting  crystal  plate.     The  optical  axis  emerges  vertically  to  the  film- 
plane.     When  the  support  is   removed,    such  films  will,    if  they  contain  a  cer- 
tain amount  of  water,    roll  up  into  little  tubes.      These  tubes  were  found  serv- 
iceable for  further  investigations.      They  produced  a  series  of  interferences 
(Plates  1,    2)  the  first  order  of  which,    d^ending  on  the  degree  of  drying, 
corresponds  to  Bragg  values  of  152-166A.     The  interference  of  the  first  order 
is  very  weak,    the  second  order  the  strongest.      This  series  of  interferences 
is  caused  by  a  period  parallel  to  the  film  normal.     Moreover,    all  the  prepar- 
ations display  a  faint,    diffuse   ring  at  36.5  A.     This  is  intensified  at  the  equa- 
tor and  is  therefore  produced  by  a  periodicity  in  the  plane  of  the  thylakoid 
membrane. 

Fig.    6  shows  scattering  curves  of  a  preparation  photographed  with  a  small 
angle  camera  according  to  Kratky  (Fig.    7).      The  little  tubes  are  oriented 


Fig.    6.     Scattering  curves  of  layers  of  oriented  chloroplasts 
dried  on  glass  plates. 

a    Scattering  in  the  meridian  O-O-O 

b    Scattering  in  the  equator      O O-  •  •  •  O 

c    Scattering  caused  by  the  stacking  of  thylakoids 


Fig.    7.     Kratky-camera  with  quadratic  cross   section  of  the  X-ray 
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horizontally.      The  X-ray  had  a  quadratic  cross -section.      Curve  6a  repro- 
duces the  scattering  in  the  meridian,    while  curve  b  corresponds  to  the  equa- 
torial scattering.      (The  preparation  was  oriented  vertically  for  photograph  b.  ) 
The  curve  was  multiplied  by  m     (m/^/'»5     ;    I  =  intensity)  in  order  to  eliminate 
the  leaflet  factor.      Curve  c  was  obtained  by  subtraction  of  curve  b  from  curve 
a.      It  indicates  the  scattering  caused  by  the  stacking  of  thylakoids. 

The  scattering  curve   6c  is  to  be  decomposed  into  a  form  factor  and  a  lat- 
tice factor.     The  form  factor  corresponds  to  the  scattering  of  the  individual 
thylakoid  and  is  therefore  calledthylakoid  function  here.      The  lattice  factor 
takes  into  account  the  stacking  of  the  thylakoids.     In  the  present  case  the  task 
is  that  of  finding  the  thylakoid  function.     Since  the  lattice  factor  has  a  con- 
stant value  in  the  maxima  of  the  scattering  curve,    the  intensities  of  the  scat- 
tering curve  at  these  maxima  is  determined  by  the  thylakoid  function,    there- 
fore the  maxima  of  the  scattering  curve  are  points  of  the  thylakoid  function. 
Fig.    8a  shows  the  model,    the  scattering  curve  of  which  most  closely  approxi- 
mates the  thylakoid  function.      Fig.    8b  shows  the  amplitude  function  of  this 
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Fig.    8.      b^ -Theoretical  amplitude  function  of  the  model  a. 

O-  •  -OValues  taken  from  the  experimental  scattering 

curve. 
c  Distribution  of  electron  density  parallel  to  the 

surface  normal  of  the  thylakoid  (Fourier- 
analysis)  (p  (r)  in  relative  units. 


model.     The  values  taken  from  the  experimental  scattering  curve  have  been 
drawn  in  for  comparison,    choosing  the  signs  according  to  the  nnodel.      On  the 
basis  of  this  approximate  amplitude  function  it  was  possible  to  compute  the 
distribution  of  electron  density  (^(r)  parallel  to  the  surface  normal  of  the 
thylakoid.     The  unidimensional  Fourier -analysis  gives  the  distribution  of 
electron  density  shown  in  Fig.    8c.      Quantitative  estimation  of  the  electron 
densities  of  the  components  participating  in  the  building  up  of  the  thylakoids 
leads  to  the  result  that  the  two  outer  zones  of  maximum  electron  density  cor- 
respond to  the  protein  layers,    which  therefore^^orm  the  external  boundary  of 
the  thylakoid.     Their  thickness  amounts  to  47  A  each  and  thus  agrees  with  the 
value  obtained  formerly.     This  conformity  is  all  the  more  remarkable  be- 
cause the  thickness  of  the  protein  layer  had  previously  been  connputed  under 
the  assumption  of  a  continuous  layer.     A  thigkness  of  42  A  each  results  for 
the  lipid  films.      The  whole  thylakoid  is  178  A  in  thickness. 
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If  we  take  into  consideration  all  of  the  available  data  we  come  to  the  model 
reproduced  in  Fig.    9.      This  model  does  not  reproduce  all  the  details  of  the 
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Fig.    9.      Model  of  the  thylakoid. 

electron  density  distribution  in  the  lipid  layer.     It  must,    however,    be  noted 
that  the  preparation     used  here  has  also  undergone  secondary  changes  to  a 
certain  extent,    and  that  the  scattering  curve  analysis  was  in  no  case  possible 
without  hypotheses.     The  model  has  chlorophyll  in  two  different  types  of  asso- 
ciation that  could  correspond  to  the  670  and  683  mu  forms  of  chlorophyll  a 
in  vivo.      Only  one  form  is  in  the  neighborhood  of  protein.     In  both  layers  it  is 
possible  to  have  individual  chlorophyll  molecules  as  well  as  their  polymers. 
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Plates  1  and  2.     X-ray  diagrams  of  oriented  air-dried  Antirr- 
hinum chloroplasts.     Kiessig  camera.      The  little  tubes  are 
oriented  horizontally.      Distance  sample   -  20  and  40  cm. 
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ORIENTED  MOLECULES  AND  THE  STRUCTURE  OF  CHLOROPLASTS 

R.   A.   Olson 
with  the  collaborative  assistance  of  W  .    H.   Jennings 


The  molecular  organization  of  chlorophyll  within  the  chloroplast  is  sug- 
gested by  nnicroscopy  of  chloroplast  structures  and  by  the  physical-chemical 
properties  of  chlorophyll  preparations.     The  orderly  fine  structure  of  chloro- 
plasts  revealed  by  electron  microscopy  is  one  of  the  most  regular  of  any  or- 
ganelle.    The  anatomical  implication  of  molecular  organization  of  chlorophyll 
within  the  chloroplast  however,    arises  mainly  from  the  presence  of  the  pigment 
at  the  site  of  an  orderly,    repetitive  array  common  to  systems,    i.e.  ,    crystals 
and  mesophases,    where  such  organization  is  known  to  exist. 

Investigations  of  certain  physical  and  chemical  properties  of  chlorophyll 
preparations  have  demonstrated  the  capacity  of  the  molecule  to  form  dimers  at 
sufficiently  high  concentrations  and  to  organize  monomolecular  films  at  air- 
water  interfaces  . '^  •  "^J     Adsorption  of  chlorophyll  on  mesophase  preparations 
yields  pronounced  anisotropic  optical  properties  .  (-^  >  ^'     Within  the  practical 
limits  of  resolution,    the  several  techniques  for  detecting  optical  anisotropy  pro- 
vide a  sensitive  method  for  studying  molecular  organization.     Both  bifluores- 
cence  (polarized  emission)  and  dichroism  (polarized  absorption)  have  been  ob- 
served in  preparations  of  chlorophyll  adsorbed  on  ammonium  oleate  or  on 
lecithin  mesophases.     These  observations  indicate  an  orientation  of  the  chloro- 
phyll molecules  which  depends  upon  the  molecular  organization  of  the  adsorbate 
molecules  constituting  the  mesophase. 

The  study  of  the  optical  anisotropy  of  chlorophyll  within  the  chloroplast 
has  been  far  less  rewarding  than  the  mesophase  observations  .     Among  the  ear- 
liest investigations,    Menke  (1938)  used  imbibition  procedures  to  alter  the  bire- 
fringence and  the  weak  dichroism  of  Closterium  chloroplasts .  '    '    Considering 
the  chloroplast  a  uniaxial  negatively  birefringent  body  (the  optical  axis  lies  per- 
pendicular to  the  chloroplast  face),    he  concluded  that  the  textural  or  morphic 
anisotropy  arose  fronn  a  lamellar  fine  structure  with  repetitive  planes  parallel 
to  the  flat  face  of  the  organelle.     This  hypothesis  is  now  confirmed  by  visual 
microscopy  and  has  been  further  elaborated  by  electron  microscopy.     Continued 
studies  by  Menke  and  others  of  chlorophyll  dichroism  and  anomalous  dispersion 
of  birefringence  yielded  evidence  for  a  low  intrinsic  anisotropy  in  vivo.''*""' 
Goedheer  (1957),    studying  the  ribbon  shaped  Mougeotia  chloroplast,    measured 
a  nnaximum  dichroic  ratio  of  1  .  13  ±  0.  05  at  680  mfi.  (4)     He  proposed  that  the 
chlorophyll  molecules  were  complexed  with  a  globin  frannework  in  such  a  way 
that  they  were  very  slightly  oriented. 

The  bifluorescence  of  chloroplasts  in  Mesotaenium,    Elodea,    Mniunn,    and 
Oenothera  was  reported  by  Menke  in  1958.(91     The  red  fluorescence  from  chloro- 
plasts observed  in  profile  aspect  showed  a  partial  linear  polarization  with  the 
E  vector  parallel  to  the  lamellae.     Menke  attributed  this  effect  to  a  statistical. 
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partial  orientation  of  the  porphyrin  oscillators  in  the  plane  of  the  lamellae. 
While  the  studies  of  anisotropic  optical  properties  of  in  vivo  chloroplasts  have 
not  ruled  out  the  possibility  of  the  molecular  orientation  of  chlorophyll,    they 
have  not  appeared  to  provide  conclusive  evidence  thereof  in  any  of  the  spectral 
regions  investigated.     The  question  is  reopened,    however,   by  the  recent  discov- 
ery of  a  far-red  absorbing  form  of  chlorophyll  capable  of  accepting  excitation 
energy  from  accessory  pigments  and  from  ordinary  cUorophyll .  ( ^^'     This  chlo- 
rophyll demonstrates  a   maximum  absorption   near  705  m/i   and  a  maximum 
emission  near  7Z0  m/x;  this   spectral  region  is  at  longer  wave  lengths  than  that 
considered  in  the  investigations  mentioned  above.     While  conventional  visual  ob- 
servations are  limited  by  the  poor  spectral  response  of  the  human  eye,    suitable 
visual  observations  can  be  effected  through  use  of  the  nnodern  infrared  image 
converter  (the  first  observations  reported  from  our  laboratory  were  made  with 
a  surplus  World  War  II  "snooperscope").     In  live  Euglena  cells  a  bifluorescence 
at  wave  lengths  greater  than  690  mfi  was  noted  and  in  a  later  publication  a  di- 
chroic  ratio  of  4.00  at  695  mjx  was  reported .  ^  ^  ^  '  ^'''    Using  selected  chloroplast 

fragments,   Sauer  and  Calvin  measured  an  electro-dichroism  as  high  as   1.Z7  at 

f  13)  ■ 

695-700  m^.  ^      '     The  relation  between  these  two  observations  awaits  an  under- 
standing of  the  attachment  site  of  the  chlorophyll  molecule.     Current  studies  in 
our  laboratory  have  been  directed  toward  characterizing  the  in  vivo  oriented 
chlorophyll  in  detail. 


EXPERIMENTAL 


Dichroism 

Euglena  provides  a  most  striking  example  of  chloroplast  dichroism  in  the 
far-red  spectral  region.      Photomicrographs  demonstrating  this  property  pre- 
sent the  conventional  appearance  of  the  organism  in  which  the  positions  and 
spacial  relationships  of  the  chloroplasts  are  clearly  indicated  with  respect  to 
the  cell  outline.     While  the  Euglena  cell  varies  in  shape  from  spheroid  at  rest 
to  teardrop-like  or  prolate  when  actively  swimming,    the  discoid  chloroplasts 
are  usually  located  peripherally,    more  or  less  facing  the  limiting  cell  nnembrane 
or  pellicle.     This  arrangement  of  the  chloroplasts  in  the  cell  permits  the  simul- 
taneous observation,    in  the  same  preparation  of  numerous  aspects  of  chloroplast 
orientation  varying  from  the  circular  face  view  to  the  more  linear  edge  view. 
It  also  permits  a  wide  observational  choice  of  edge  viewed  chloroplasts  in  nu- 
merous azinnuthal  aspects  in  the  specimen  plane. 

The  azimuthal  dependence  of  dichroism  in  Euglena  is  demonstrated  in 
Plate  I  A  and  B.     The  cells  are  photographed  in  unpolarized  transmitted  light 
from  a  monochromator  at  695  m^  through  a  Nicol  prism  mounted  behind  the  ob- 
jective.    Edge  viewed  chloroplasts  show  maximum  absorption  when  the  electric 
vector  of  the  transnnitted  light  lies  in  the  plane  of  the  lamellae  and  minimum 
absorption  when  the  electric  vector  lies  perpendicular  to  the  plane  of  the  lamel- 
lae.    They  show  minimum  absorption  when  the  electric  vector  of  the  transmitted 
light  lies  perpendicular  to  the  lamellar  plane.     This  indicates  that  the  oscillators 
of  absorption  lie  in  or  very  close  to  the  plane  of  the  lamellae.     Chloroplasts 
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viewed  from  the  facial  aspect  show  slight  or  no  detectable**tH*BUig«-^!n  absorption 
regardless  of  the  direction  of  the  electric  vector  of  transmitted  light.     This  ob- 
servation indicates  no  preferential  orientation  of  oscillators  within  the  plane  of 
the  lamellae. 

No  dichroism  could  be  observed  in  the  chloroplasts  of  non-intact  or  dam- 
aged cells.     While  chloroplasts  extruded  from  the  cell  into  conventional  aqueous 
media  lose  their  dichroism,    chloroplasts  extruded  into  viscous  serum  albumen 
retain  this  property,    although  gradually  attenuated,   for  several  hours. 

In  order  to  estimate  the  ratio  of  oriented  chlorophyll  to  the  unoriented  pig- 
ment it  is  essential  to  obtain  quantitative  measurements  of  the  above  dichroic 
observations.     In  addition,    a  quantitative   determination  of  the  spectral  depend- 
ence of  dichroism  should  be  executed  in  order  to  compare  the  spectral  properties 
of  oriented  chlorophyll  with  those  of  other  known  pigments  in  vivo .     The  spectral 
dependence  of  dichroism  is  usually  represented  by  the  ratio  at  successive  wave 
lengths  of  the  absorbance  parallel  to  the  plane  of  the  electric  vector  of  the  light 
maximally  absorbed  versus  the  absorbance  perpendicular  to  that  plane.     Meas- 
urements of  this  type  in  vivo  impose  stringent  requirements  involving  unchanging 
optical  path  length  and  a  limited  chloroplast  area  of  measurement.     Unchanging 
optical  path  length  is  assured  by  effecting  a  maximum  degree  of  immobilization 
of  the  organism  such  that  chloroplasts  do  not  change  in  shape  or  position  during 
the  absorbance  measurements  at  successive  wave  lengths.     The  chloroplast 
area  selected  for  absorbance  measurements  must  be  very  small  since  Euglena 
chloroplasts  are  somewhat  curved  and  twisted  and  thereby  show  local  irregular- 
ities of  lamellar  direction.     It  is  therefore  necessary  to  limit  the  measurement 
to  an  area  small  enough  to  exclude  gross  spurious  effects  from  lamellae  which 
lie  in  planes  other  than  that  selected  for  measurement.     In  our  experiments  this 
area  was  of  the  order  of  one  square  micron.     The  minimal  radiant  power  trans- 
mitted from  such  a  small  specimen  area  when  restricted  to  a  narrow  spectral 
band  requires  the  measurement  of  an  extremely  low  light  intensity  which  results 
in  an  unfavorable  photomultiplier  signal  to  noise  ratio.     Attenuation  of  noise  by 
filter  circuitry  is  limited  by  time-constant  characteristics  imposed  by  the  re- 
quirement of  sufficiently  rapid  spectral  scanning  to  minimize  geometrical 
changes  in  chloroplasts  caused  by  cell  mobility. 

The  data  are  presented  in  terms  of  absorbance  in  Fig.    1.     The  upper 
dashed  curve  shows  the  enhanced  absorbance  in  the  lamellar  direction  at  the 
longer  wave  lengths  while  the  lower  dashed  curve  shows  the  absorption  of  the 
unoriented  chlorophyll.     The  ratio  of  the  upper  curve  to  the  lower  curve,    the 
dichroic  ratio,    is  shown  by  the  solid  curve  through  the  triangles.     In  this  par- 
ticular specimen  the  maximum  ratio  of  about  Z  .  2  is  observed  near  705  m^. 
Higher  dichroic   ratios,    approaching  4.0,    were  obtained  in  other  cells  and  in 
other  preparations  but  the  data  offered  in  Fig.    1  are  considered  typical.     Sim- 
ilarly,  departures  from  the  wave  length  of  the  maximum  ratio  in  Fig.    1  were 
observed  in  other  cells  but  the  average  of  twelve  chloroplasts  measured  was 
704  ±5  m^. 

A  similar  plot  of  the  dichroic  spectral  properties  of  the  chloroplast  of 
Mougeotia  is   shown  in  Fig.    2.     While  the  effect  in  this  specimen  is  not  as  pro- 
nounced as  in  Euglena  the  maximum  of  the  dichroic  ratio  is  located  in  the  same 
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region  near  705  m/j.     Similar  effects  are  observed  in  chloroplasts  of  the  fila- 
mentous algae  Spirogyra,   Syragonium  and  in  the  unicellular  alga  Mesotaenium. 
Dichroism  is  also  observed  in  the  chloroplasts  of  Spinach  and  other  grana  bear- 
ing chloroplasts  but  the  scattering  depolarization  and  the  small  size  of  the  grana 
in  multicellular  preparations  make  quantitative  measurements  impractical. 


Bifluorescence 

The  bifluorescence  of  Euglena  in  the  far-red  region  is  an  even  more 
striking  phenomenon  than  dichroism.     Observation  of  the  polarized  emission  is 
most  conveniently  accomplished  using  the  following  arrangement:     a  Nicol  prism 
(immediately  behind  the  objective)  that  can  be  rapidly  rotated  between  two  ortho- 
gonal positions,    a  suitable  filter  to  exclude  the  exciting  illumination  and  an  in- 
frared image  converter  which  renders  visible  the  broad  banded  emission  in  the 
720  mfi  region.     The  observer  can  thus  readily  detect  the  profound  changes  of 
fluorescence  intensity  occuring  in  the  edgewise  chloroplasts  lying  in  one  or  the 
other  of  the  orthogonal  planes  of  polarization.     The  infrared  image  converter 
when  used  with  aspherical  accessory  viewing  optics  is  very  satisfactory  for  ob- 
servations of  these  kinds  and  shows  very  little  pin  cushion  distortion  in  the  cen- 
ter of  the  field.     However,    photography  of  the  phosphor  screen  requires  the 
removal  of  these  correcting  optics.     Under  these  conditions  the  demonstration 
of  the  azimuthal  designation  of  bifluorescence  in  chloroplasts  in  a  field  of  cells 
is  complicated  by  off-axis  distortion  which  can  give  erroneous  results.     In  con- 
sideration of  this  effect  and  of  the  limit  of  resolution  imposed  by  the  granularity 
of  the  phosphor  screen,   direct  infrared  photography  was  used  for  these  studies 
and  the  image  converter  was  reserved  for  rapid,    cursory  examinations  required 
for  selection  of  suitable  chloroplasts. 

Plate  I  C  and  D  are  typical  infrared  photographs  of  a  group  of  live  Euglena 
cells  showing  the  characteristics  of  bifluorescence.     The  exciting  light  was  un- 
polarized  and  consisted  of  the  436  m/i  mercury  line  and  nearby  continuum.     This, 
along  with  the  emission  in  the  visual  region,   was  excluded  from  the  photographic 
film  by  a  Schott  RG-9  filter.      The  open  arrows  in  the  figure  indicate  typical  edge- 
viewed  chloroplasts  which  lie  parallel  to  one  of  the  two  orthogonal  planes  of  po- 
larization of  the  analyzer.      The  polarized  emission  is  clearly  indicated  by  an 
increased  brightness  when  the  chloroplast  lies  parallel  to  a  polarization  plane 
and  by  an  attenuated  brightness  when  perpendicular  to  that  plane.     Chloroplasts 
viewed  on  edge  that  are  positioned  with  their  lamellae  at  45°  to  the  polarization 
planes  of  the  analyzer  show  identical  brightness  when  observed  with  the  analyzer 
in  either  position.     Face-viewed  chloroplasts  on  the  other  hand  appear  isotropic 
and  show  no  marked  change  in  brightness  at  any  position  of  the  analyzer.     Simi- 
lar exannples  of  this  phenomemon  may  be  found  in  appropriate  chloroplasts  within 
other  cells  in  the  figure.     The  characteristics  of  chloroplast  bifluorescence  cor- 
respond with  those  of  chloroplast  dichroisrn.     Polarized  emission  as  well  as 
polarized  absorption  is  maximal  in  the  direction  of  the  lamellae  and  indicate  a 
chromophore  lying  in  the  lamellar  plane.     Furthermore,   with  respect  to  this 
chromophore,    both  types  of  observation  in  face-viewed  chloroplasts  indicate  a 
uniaxial  chloroplast  structure  with  the  optical  axis  perpendicular  to  the  lamellae. 
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The  environmental  factors  affecting  bifluorescence  are  similar  to  those 
affecting  dichroism.     Chloroplasts  in  damaged  cells  and  chloroplasts   extruded 
into  aqueous  media  do  not  show  bifluorescence.     Likewise,    in  chloroplasts  sub- 
jected to  chlorophyll  photooxidative  bleaching  by  the  exciting  light,   the  resulting 
yellow  fluorescence  does  not  exhibit  polarized  emission.     A  dependence  of  the 
polarization  phenomena  on  the  integrity  of  the  chloroplast  structure  at  the  mo- 
lecular level  is  indicated. 

Chloroplast  bifluorescence  is  indifferent  to  the  polarization  plane  of  the 
exciting  light  used.     Regardless  of  the  vibration  plane  of  the  exciting  light  the 
direction  and  intensity  of  polarized  emission  of  each  chloroplast  in  the  specimen 
field  remains  unchanged.     This  confirms  that  the  oscillators  of  absorption  are 
not  identical  to  those  of  emission  and  that,  during  the  excited  state,   energy  is 
transferred  by  inductive  resonance  from  unoriented  absorbing  chromophores  to 
oriented  emitting  chromophores.     A  similar  energy  transfer  has  been  shown  to 
occur  between  chlorophyll  and  accessory  pigments  and  a  far-red  absorbing  form 
of  chlorophylla  in  vivo.  (^^' 

Spectral  measurements  of  bifluorescence  in  Euglena  chloroplasts  involve 
even  more  rigid  technical  requirements  than  those  of  dichroism.     Since  the  quan- 
tum efficiency  of  chlorophyll  fluorescence  in  vivo  is  very  low,   an  intense  exciting 
light  in  436  m^  region  of  high  absorption  for  chlorophyll  is  required  to  produce 
sufficient  emission  for  measurement  from  a  small  chloroplast  area.     A  scanning 
microspectrophotofluorimeter  can  be  used  to  advantage  for  spectral  measure- 
ments of  chloroplast  bifluorescence.'^'*'    The  device  requires  no  other  modifi- 
cation than  (1)  a    means  of  observing  the  position  of  the  chloroplast  relative  to 
the  entrance  slit  of  the  monochromator  and  (2)  a  provision  for  measuring  emis- 
sion spectra  polarized  in  each  of  two  orthogonal  planes.      Chloroplasts  which 
showed  a  maximum  difference  of  emission  in  the  two  orthogonal  planes  of  polar- 
ization were  chosen  for  measurement.     Typical  oscillograph  traces  for  the  ennis- 
sion  form  an  edge-viewed  Euglena  chloroplast  are  shown  in  Plate  11  A.     The 
upper  trace  records  the  spectral  distribution  of  emission  transmitted  by  the  Po- 
laroid with  its  plane  of  polarization  parallel  to  the  lamellar  plane,    while  the  lower 
trace  gives  that  perpendicular  to  the  lamellar  plane.     Plate  11  B  shows  the  results 
of  similar  optical  measurements  of  the  fluorescence  emitted  from  an  adjacent 
face-viewed  chloroplast.     Quantitative  comparison  of  the  two  measurements  is 
denied  by  differences  in  the  actual  area  of  chloroplasts  observed.     It  is  clear, 
however,   that  in  edge-viewed  chloroplasts,   the  maximum  polarized  emission 
with  the  electric  vector  parallel  to  the  lamellar  plane  is  nearly  50%  greater  than 
that  with  the  electric  vector  perpendicular  to  the  lamellar  plane.     In  face-viewed 
chloroplasts  the  effect  is  insignificant.     It  is  also  clear  that  the  maximum  bifluo- 
rescence occurs  in  the  720  mfx  spectral  region.     The  data  from  Plate  11  A  are 
plotted  in  Fig.   3.     Bifluorescence  is  plotted  as  a  difference,   at  each  wave  length, 
of  the  emission  in  the  two  orthogonal  planes  of  polarization.     No  correction  has 
been  made  for  the  spectral  sensitivity  of  the  S-1  photocathode.     Such  a  correc- 
tion would  enhance  the  values  for  emission  in  the  shorter  wave  lengths.     Similar 
measurements  were  carried  out  for  edge-viewed  Mougeotia  chloroplasts.   Fig.   4. 
The  effect,   while  somewhat  reduced,    shows  similar  spectral  characteristics 
with  maximum  bifluorescence  near  720  m/i.     The  dichroism  and  bifluorescence 
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measurements  offered  in  this  presentation  indicate  orientation  of  a  far-red  ab- 
sorbing form  of  chlorophyll.     In  addition  they  suggest  strongly  the  radiationless 
transfer  of  energy  from  randomly  oriented  oscillators  absorbing  at  shorter 
wave  lengths  . 

Confirmation  of  this  energy  transfer  could  be  obtained  if  direct  excitation 
of  the  oriented  oscillators  by  polarized  light  demonstrated  a  dependence  of  the 
polarized  emission  on  the  plane  of  polarization  of  the  exciting  light.     In  this  way 
the  transfer  of  excitation  energy  from  successive  random  oscillators  absorbing 
at  shorter  wave  lengths  would  be  by-passed.     In  this  regard  we  would  like  to 
present  briefly  some  preliminary  data  to  support  a  concept  of  energy  transfer 
to  oriented  chlorophyll.     It  was  pointed  out  above  that,    since  the  quantum  effi- 
ciency of  fluorescence  in  vivo  is  very  low,    a  high  intensity  source  of  exciting 
light  is  required  for  fluorescence  microscopy  of  chloroplasts  .     No  convenient 
high  pressure  arc  source  is  available  with  its  output  concentrated  in  the  absorb- 
ing region  of  oriented  chlorophyll,    other  means  of  excitation  of  its  oscillators 
must  be  sought.     The  pulsed  ruby  laser  meets  these  requirements  most  appro- 
priately.    It  has  almost  unlimited  power  and  an  exceedingly  narrow  band  pass 
at  694.3  mji,    a  wave  length  very  close  to  the  region  of  maximum  absorption  of 
oriented  chlorophyll.     The  narrow  band  pass  of  the  ruby  laser  exciting  light  fa- 
cilitates its  exclusion  from  observation  at  the  fluorescence  maximum  near  720 
m/i  of  oriented  chlorophyll.     The  high  intensity  of  the  parallel  laser  beam  elim- 
inates the  need  of  a  condenser  in  fluorescence  polarization  microscopy  and  thus 
avoids  depolarization  effects  introduced  by  this  optical  element.     Ruby  crystals 
with  90     orientation  provide  a  polarized  output  thus  eliminating  the  attenuation 
introduced  by  the  usual  polarizer.     Joining  the  laser  to  the  fluorescence  micro- 
scope required  a  massive  modular  optical  bench  apparatus  to  be  described  else- 
where.    Observations  can  be  recorded  by  infrared  photography  and  the  laser 
exciting  light  removed  by  an  appropriate  interference  filter  having  a  minimum 
of  "toe"  transmission. 

Plate  I  E  and  F   show  typical  results  of  laser  polarized  fluorescence  photo- 
micrography with  Euglena  chloroplasts  in  vivo.     An  unconcentrated  laser  beam 
provided  the  exciting  light.     The  ruby  was  oriented  with  the  electric  vector  of 
the  linearly  polarized  beam  as  indicated  by  the  arrow  labelled  "E."     It  is  clear 
from  the  photomicrographs  that  maximum  polarized  near  infrared  emission  in 
edge-viewed  chloroplasts  has  its  electric  vector  parallel  to  that  of  the  polarized 
exciting  light.     The  direct  excitation  by  polarized  light  of  the  694  mfj,  absorbing 
oscillators  oriented  in  the  lamellar  plane  results  in  a  fluorescence  polarized  in 
the  same  direction  as  the  exciting  light.     The  emitted  light  suffers  little  depolar- 
ization,   and  the  oscillators  of  absorption  appear  to  be  identical  to  the  oscillators 
of  emission. 

While  observations  like  those  in  Plate  I  E  and  F   serve  to  localize  and  des- 
ignate this  polarization  property  with  respect  to  the  chloroplast  lamellar  plane, 
they  are  not  appropriate  for  quantitative  purposes.     Quantitative  measurements 
of  the  degree  to  which  the  polarized  fluorescence  retains  the  sense  of  polariza- 
tion of  the  exciting  light  can  be  made  more  conveniently  in  cell  suspensions. 
Application  of  the  classic  experiments  of  Perrin  and  others  on  the  so-called 
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"depolarization  of  fluorescence"  to  chloroplasts  has  been  effected  by  Arnold 

,\,      ,     (15,16) 
and  Meek.  * 

Difficulty  in  excluding  scattered  exciting  light  limited  their  measurements 
to  the  spectral  region  below    630  m/n  region.     The  low  polarization  of  fluores- 
cence from  the  chloroplasts  of  living  cells  was  attributed  to  the  fact  that  those 
chlorophyll  molecules  which  emit  fluorescence  did  not  themselves  absorb  the 
exciting  light.     The  energy  transfer  thus  demonstrated  is  identical  to  that  indi- 
cated by  our  study,   namely:     the  polarized  infrared  emission  of  chloroplasts  is 
independent  of  the  plane  of  polarization  of  the  exciting  light. 

The  depolarization  of  fluorescence  of  a  dilute  Euglena  suspension  was 
measured  using  the  polarized  ruby  laser  as  the  excitation  source.     Typical  re- 
sults from  such  measurements  are  shown  in  Plate  II  C.     The  upper  oscillograph 
trace  shows  the  time  course  of  In  during  the  laser  flash;  that  of  I_l_  is  indicated 
by  the  lower  trace  (horizontal  oscillograph  deflection  100  microsec/cm) .     A 
preliminary  calculation  of  the  degree  of  polarization  of  fluorescence  for  the 
curve  maxima  indicates  a  high  degree  of  retention  of  the  sense  of  polarization 
of  the  exciting  light.     It  further  indicates  that  the  absorbing  oscillators  (694  m^) 
and  the  emitting  oscillators  (720  m/i)  are  coincident. 


DISCUSSION 

The  evidence  presented  indicates  an  oriented  far-red  pigment  which  is 
assumed  to  be  an  energy  trapping  form  of  chlorophyll  a.     The  red  oscillator 
(-705  m/i),   located  in  the  plane  of  the  porphyrin  head,    appears  to  be  highly 
aligned  parallel  to  the  chloroplast  lamellae.     This  oscillator  emits  fluorescence 
(72  0  mfi)  highly  polarized  parallel  to  the  lamellar  plane.     If  this  pigment  is  a 
chlorophyll,    the  absence  of  dichroism  in  the  blue  oscillator  indicates  that  the 
plane  of  the  porphyrin  head  does  not  lie  parallel  to  the  lamellar  plane.     It  would 
also  be  of  value  to  determine  the  molar  concentration  of  this  pigment  in  vivo  in 
relation  to  other  pigments  involved  in  order  to  consider  turnover  rates,   funda- 
mental unit  size,    and  other  factors  at  the  site  of  light  transformation. 

While  the  spectral  region  defined  by  the  maximum  dichroic  effect  indicates 
in  general  the  absorption  characteristics  of  the  oriented  chlorophyll  it  should 
be  noted  that  actual  absorption  spectrum  is  not  clearly  defined.     The  absorbing 
system  as  a  whole  in  chloroplasts  is  composed  of  both  oriented  and  unoriented 
components  each  with  dissimilar  absorption  characteristics  which  spectrally 
overlap.     All  of  the  absorption,   for  example,    at  705  mfx  is  not  due  to  the  oriented 
pigment.     Likewise,   within  the  limits  defined  by  high  resolution  polarization 
microscopy  the  absolute  degree  of  orientation  of  oscillators  cannot  be  determined- 
Higher  dichroic  ratios  would  have  been  obtained  in  an  ideal  optical  system  devoid 
of  depolarization  effects.     However,    the  approximate  definition  of  the  absorption 
and  emission  characteristics  of  oriented  chlorophyll  by  spectral  measurements 
of  dichroism  and  bifluorescence  may  relate  this  pigment  with  C^q^  (Butler), 
P7OO  (Kok),    and  Ca^gg  (Brown  and  French).  (^0'  ^'^  •  ^8)    The  demonstrated  abil- 
ity of  oriented  chlorophyll  to  accept  excitation  energy  from  other  unoriented 
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oscillators  absorbing  at  shorter  wave  lengths  may  also  be  identified  with  the 
inductive  resonance  energy  acceptance  behavior  C         . 

It  appears  obvious  that  an  oriented  pigment  should  be  related  to  the  or- 
derly fine  structure  of  the  chloroplast  lamellae.     The  interdependence  of  chloro- 
phyll and  protein  in  the  chloroplast  structural  array  has  been  demonstrated  by 
1)  the  dependence  of  lamellar  development  on  chlorophyll  formation  and  2) 
the  destructive  effect  of  proteolytic  enzymes  on  the  lamellar  pigment  struc- 
ture.'^"     '    In  the  chlorophyll-protein  complex  implied  by  these  and  other  in- 
vestigations it  would  be  expected  that  molecular  orientation  of  pigment  would 
involve  molecular  orientation  of  the  attached  macromolecule.     Therefore  it 
should  be  the  orientational  aspects  of  the  protein  moiety  in  chloroplasts  that  com- 
mand attention  rather  than  those  of  chlorophyll  alone.     Dimeric  or  trimeric 
forms  of  chlorophyll  contributing  to  orientation  must  be  compatible  with  attach- 
ment sites  in  the  protein.     Our  present  knowledge  of  the  nature  of  chloroplast 
protein  is  quite  limited.     While  the  amino  acid  composition  has  been  recently 
determined,   the  sequence  is  unknown.^      '    Moreover,   the  polypeptide  configu- 
ration of  the  chloroplast  protein  has  not  been  designated. 

Polypeptides  can  be  molecularly  oriented  in  mesophases.     In  this  regard 
it  is  of  interest  to  examine  some  of  the  mesophase  properties  of  synthetic  poly- 
peptides.    Robinson  has  studied  the  intrinsic  ability  of  poly-y-benzyl-L-glutamate 
to  form,    spontaneously,   lamellar  structures .  (^^'     The  remarkable  likeness  of 
such  structures  to  those  in  chloroplasts  is  shown  in  Plate  11  D.     The  lamellar 
spacing  depends  on  concentration,    solvent,    temperature,    etc.  ,   but  has  a  repro- 
ducible value  for  any  one  set  of  conditions.     It  may  be  as  large  as   100  ^  or  too 
small  to  be  resolved  by  visual  microscopy.     Optical  anisotropic  properties  of 
this  lamellar  structure  indicate  it  to  be  a  uniaxial  system  with  the  optical  axis 
perpendicular  to  the  plane  of  the  lamellae.     The  optical  properties  of  this  struc- 
ture thereby  simulate  those  of  the  chloroplast.     Optical  rotatory  measurements 
indicate  the  lamellae  to  be  composed  of  long,    parallel  helices  with  a  periodicity 
of  rotation  of  the  direction  of  orientation  in  successive  lamellar  planes.     By 
analogy,   chloroplast  lamellae  would  be  composed  of  long,   parallel  polypeptide 
helices  and  the  orientation  of  chlorophyll  molecules  would  be  governed  by  avail- 
able attachment  sites.     Attempts  in  our  laboratory  to  adsorb  chlorophyll  on  such 
mesophase  structures  were  unsuccessful.     The  polymer  is  extremely  hydropho- 
bic and  the  solvents  required  for  its  structural  development  are  such  excellent 
solvents  for  chlorophyll  that  the  pigment  resists  adsorption.     It  might  be  ex- 
pected that  a  similar  structural  array  of  native,    long  hydrophilic  polypeptide 
molecules  in  chloroplasts  could  be  detected  optically  by  measurements  of  di- 
chroism  in  the  ultraviolet  region.     Ruch,    however,   was  unable  to  detect  any 
ultraviolet  dichroism  in  fixed  and  extracted  chloroplasts  and  concluded  that  a 
globin  or  spherical  protein  molecule  was  involved.'      '    In  our  laboratory  we 
have  been  unable  to  detect  ultraviolet  dichroism  in  the  chloroplasts  of  living 
Euglena  cells  .     These  observations  however,   do  not  automatically  preclude  a 
polypeptide  helix  array  in  the  chloroplast.     Perhaps  the  employment  of  more 
refined  observation  techniques  would  detect  such  optical  effects  in  the 
chloroplast. 
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Another  insight  into  the  nature  of  the  configuration  of  tetraporphyrin 
plane  in  protein  is  offered  by  the  hemoglobin  macromolecule .     In  this  molecule 
both  sequence  and  configuration  of  amino  acid  residues  have  been  established 
as  well  as  the  location  of  the  tetraporphyrin,    or  heme  plate.'       '    While  normal 
hemoglobin  does  not  appear  to  be  molecularly  organized,    a  genetically  induced 
alteration  of  this  molecule  causes  a  molecular  phenomenon  in  erythrocytes 
known  as  "sickling".     Under  conditions  of  anoxia  "sickled  cells"  beconne  elon- 
gated and  stretched  into  a  sickle  shape  by  the  extension  of  long  chains  of  stacked 
hemoglobin  molecules.     Sickled  cells  exhibit  dichroism  in  vivo  consistent  with 
the  absorption  of  heme  chromophores  stacked  in  the  direction  of  cell  exten- 
sion.^ '     The  axis  of  maximum  polarized  absorption  is  perpendicular  to 
the  long  axis  of  the  sickled  cells.     This  is  shown  in  Plate  II  E  and  F  taken  from 
a  recent  paper  of  Murayama,   Olson  and  Jennings.  ''^°'    The  plane  of  the  analyzer 
is  indicated  by  the  arrows.     An  explanation  of  this  selective  molecular  orienta- 
tion of  tetraporphyrin  in  such  a  hemoglobin  structure  has  been  offered  by 
Murayama.''^')    It  involves  stacks  of  the  globin  molecules  which  are  stabilized 
by  cyclization  of  the  N  terminus  of  the  beta  polypeptide  chains.     In  the  case  of 
Hb-S,    cyclization  occurs  by  the  formation  of  hydrophobic  bonds  and  in  the  case 
of  Hb-C  Georgetown  by  the  formation  of  electrostatic  bonds. 

The  sickled  cell  thus  offers  a  convincing  demonstration  of  a  mesophase 
or  paracrystalline  protein  structure  in  vivo  in  which  a  tetraporphyrin  is  molec- 
ularly oriented.     The  relationship  of  the  heme  configuration  to  that  of  the  spher- 
ical macromolecule  could  provide  a  useful  structural  analogue  to  the  chloroplast 
pigment  complex.     Much  more  information  regarding  the  structure  of  chloro- 
phyll protein  in  vivo  (amino  acid  sequence,    electron  density  distribution,    etc.) 
will  be  required  before  similar  sub-molecular  aspects  of  chlorophyll  molecular 
orientation  are  resolved. 

Finally,    we  must  consider  the  significance  and  virtue,    if  any,    of  oscillator 
orientation  at  the  site  of  chemical  transformation  of  radiant  energy.     The  rela- 
tion between  organization  and  specificity  has  not  yet  been  established  in  biolog- 
ical systems.     A  structurally  dependent  biochemical  system  in  mitochondria 
has  been  proposed  by  Green.  \^^i    A  structural  array  of  enzyme  molecules  is 
implied,   featuring  fixed  positions  in  space  located  to  facilitate  successive  re- 
actions.    Such  "solid  state  enzymology"  has  been  disputed  by  Dixon  and  Webb.'^^' 
(The  subject  is  discussed  by  Lehninger  and  by  Kauzmann'       '    ■^'). 

Perhaps  the  organization  of  molecules  for  specific  reaction  is  limited  to 
photochemical  sites  of  energy  transformation.     Pronounced  molecular  orienta- 
tion occurs  in  the  visual  apparatus.     Liebman  has  measured  in  vivo  dichroic 
ratios  as  high  as  6.0  in  the  lamellar  structure  of  the  retinal  rod  outer  seg- 
ment.'"^   '    Similarly,    Jaffe  has  demonstrated  a  pronounced  orientation  of  the 
oscillators  responsible  for  photonnorphogenesis  in  Fucus  egg  cells. '■^^'     An 
intensive  search  for  other  more  subtle  properties  common  to  these  systems 
and  oriented  chlorophyll  may  well  resolve  the  role  of  oriented  oscillators  in 
photobiological  systems. 
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Plate  I — A  and  B:     Dichroism  of  Euglena  Chloroplasts  at  695  m/i;  C  and  D: 
Bifluorescence  of  Euglena  chloroplasts  excited  by  unpolarized  436  m/i 
and  observed  at  720  m/z;   E  and  F:     Bifluorescence  of  Euglena  chloro- 
plasts excited  by  polarized  ruby  laser  light  (694.38  m/i)  and  observed 
at  720  m/i. 
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Plate  II  — A:     Oscillograph  display  of  the  spectral  dependence  of  Euglena  bifluo- 
rescence    when  the  chloroplast  is  viewed  in  profile;  B:     The  same  as  II  A 
except  the  chloroplast  is  viewed  in  the  facial  aspect;  C:    Depolarization  of 
fluorescence  (720  m/i)  see  text;  D:    Mesophase  of  poly-benzyl-L-glutamate 
in  dioxan  (after  Robinson,    1961);  E  and  F:     Dichroism  of  sickled  erythro- 
cytes (Hb-C  Georgetown)  43  5  m/i. 
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STUDIES  WITH  CYANIDIUM  CALDARIUM.   II.   THE  FINE  STRUCTURE 
OF  PIGMENT-DEFICIENT  MUTANTS 

Lawrence  Bogorad,  Frank  V.  Mercer,  and  Rosemary  Mullens 


The  complete  understanding  of  photosynthesis  requires  know- 
ledge about  physical  and  biochemical  events  in  relation  to  the 
structure  of  the  photosynthetic  system.  The  early  suggestion  of 
Hubert    that  the  chloroplast  contains  alternating  layers  of 
protein  and  lipid  with  chlorophyll  associated  with  both  la- 
yers and  the  carotenoids  embedded  in  the  lipid  phase  --j?  has.ser- 
ved  as  a  model  for  most  subsequent  speculation  and  work   '    on 
the  molecular  structure  of  the  photosynthetic  system. 

Electron  microscopy  has  confirmed  the  existence  of  a  multi- 
layered  structure  within  chloroplasts .  This  lamellar  system  is 
differentiated  into  grana  and  intergrana  lamellae  in  most  chloro- 
plasts of  higher  plants;  chloroplasts  of  algae  and  some  other 
species  consist  of  simple  lamellae  only   '   . 

There  is  considerable  evidence  that  the  photosynthetic  lamel- 
lae consist  of  protein-lipid, layers;  that  the  chlorophyll  may  be 
tightly  bound  to  protein   '    ;  that  the  other  photosynthetic 
pigments  are  closely  associated  with  the  chlorophylls    ;  and 
that  the  pigments. have  a  key  role  in  the  photochemical  activity 
of  the  lamellae    ,   Because  of  these  points  it  seems  reasonable 
to  suppose  that,  in  addition  to  their  photosynthetic  roles,  the 
pigments  may  also  be  essential  structural  constituents  of  the 
photosynthetic  lamellae ., and _have  a  casual  role  in  the  morpho- 
genesis of  the  lamellae    '    .   In  the  present  paper  these  pos- 
sibilities are  considered  in  relation  to  the  structure  and  orien- 
tation of  the  lamellae  in  non-grana  type  chloroplasts. 

EXPERIMENTAL 

Lamellae  of  non-grana  chloroplasts 

The  dimensions  of  the  photosynthetic  lamellae  of  non-grana 
type  chloroplasts  of  the  higher  plants  measured  on  electron  mi- 
crographs show  that  the  basic  structural  unit  of  lamellae  is  the 
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(2   8") 
unit  membrane  structure   ' 

Cytoplasmic  photosynthetic  lamellae 

Some  photosynthetic  pigments  of  the  blue-green  algae  are 
associated  with  lamellae   and  after  permanganate  fixation,  these 
lamellae  appear  to  be  two  unit  membranes  in  close  contact,  the 
dark  bands  measuring  20  A  and  40  K   in  width  and  the  light  bands 
35  A.  in  width    .   Measurements  made  on  six  blue-green  genera 
have  confirmed  this  basic  pattern  of  the  cytoplasmic  lamellae, 
but  the  dimensions  of  the  outer,  dark  and  light  bands  are  ca.30  A 
and  the  inner  dark  band  60  A    .  These  dimensions,  therefore, 
are  very  similar  to  those  of  the  photosynthetic  lamellae  of  non- 
grana  type  chloroplasts  of  higher  plants.   The  dark  bands  have 
been  interpreted  to  be  protein  and  the  light  bands  to  be  lipid  in 
association  with- chlorophyll   '.   On  the  basis  of  studies  of 
energy  transfer    '    the  phycobiliproteins  are  assumed  t^nlje  lo- 
cated close  to  chlorophyll  a  in  blue-green  and  red  algae     .  The 
basic  molecular  structure  proposed  for  these  lamellae  therefore 
is  similar  to  the  models  proposed  for  the  photosynthetic  lamellae 
of  the  higher  plants^  '''\ 

Photosynthetic  lamellae  of  Cyanidium  caldarium 

The  basic  organization  of  the  photosynthetic  lamellae  in  the 
grana-less  chloroplast  of  Cyanidium  caldarium,  an  organism  of 
undetermined  taxonomic  position,  has  been  shown,  by  electron  mi- 
croscopy, to  be  similar  to  that  of  other  photosynthetic  lamellae 
^    .      C.   caldarium  has-been  obtained  in  a  number  of  variously 
pigmented  mutant  forms    .  These  mutants,  therefore,  should 
offer  a  way  of  assessing  the  importance  of  the  pigments  in  deter- 
mining the  formation  and  basic  molecular  structure  of  the  photo- 
synthetic lamellae.  The  mutant  forms  examined  by  electron  mi- 
croscopy in  the  present  study  are  described  in  Table  1. 

The  cells  were  grown  in  a  liquid  medium    with  1  percent  glu- 
cose at  43  ±  Z^C.  under  fluorescent  illumination  of  150  to  500 
ft-c.  Growth  was  vigorous,  and  the  cells  were  harvested  after  4 
or  5  days.   For  fixation  the  cells  were  centrifuged,  and  the  pel- 
let was  resuspended  in  2  percent  buffered  KMnO,  fixative  pH  7.2 
(Veronal  acetate,  calcium  and  magnesium  chloride  0.001  M,  respec- 
tively.) After  30  minutes  the  cells  were  washed  briefly  in  water 
before  being  dehydrated  in  an  ethanol  series:   40,70,  100  per 
cent.   The  cells  were  then  embedded  in  methacrylate  (75  per  cent 
butyl,  25  per  cent  methyl,  0.05  per  cent  benzol  peroxide  polymer- 
ized at  70°C.)   Sections  were  prepared  with  a  Porter-Blum  micro- 
tome using  a  diamond  knife,  and  examined  in  a  Siemens  Elmiskop 
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1  at  80  kv.   Electron  micrographs  were  taken  at  10,000  to  40,000 
magnifications. 

Table  1 
Strains  of  Cyanidium  caldarium  studied 

Strain  Pigments  present 

Wild-type-autotrophic   Chlorophyll  a.,  carotenoids,  phycocyanin, 

allophycocyanin . 
III-D-2   autotrophic   As  in  wild-type  but  greater  amounts  of 

all  pigments. 
III-C     autotrophic   Chlorophyll  a,  carotenoids. 
GGB     heterotrophic   Phycocyanin,  allophycocyanin,  carotenoids. 
GGB-Y   heterotrophic   Carotenoids. 

Cells  contain  approximately  40%  less  chlorophyll  a  than  wild- 
type.   Extracts  of  III-C  cells  do  not  react  with  antibody  pre- 
pared by  immunizing  rabbits  with  C.  caldarium  phycocyanin. 
Therefore,  this  mutant  most  likely  lacks  the  protein  as  well 
as  the  bile  pigment  of  phycocyanin. 


As  can  be  seen  from  Figures  1,2,3,4,5  in  all  the  types  shown 
the  individual  photosynthetic  lamellae  have  the  same  basic  pat- 
tern consisting  of  two  unit  membranes  in  close  contact.   Occa- 
sionally, in  some  sections,  the  unit  membranes  had  separated 
over  short  distances,  showing  clearly  that  the  lamellae  consist 
of  two  unit  membranes  in  close  contact.  The  dimensions  of  each 
unit  membrane  are  similar  to  those  that  have  been  described  for 
the  photosynthetic  lamellae  of  the  blue-green  algae  and  certain 
higher  plants.   Each  unit  membrane  consists  of  two  dark  bands, 
approximately  25  A  -  30  A  wide,  separated  by  a  light  band  approx- 
imately 30  A  wide.  The  structure  of  the  unit  membrane  appears 
to  be  independent  of  pigment  composition.   There  are,  however, 
striking  differences  in  the  arrangement  and  amount  of  lamellar 
system,  and  in  chloroplast  organization  among  the  mutants  examin- 
ed (Figures  1,2,3,4,5)  . 

In  III-D-2,  wild-type,  and  III-C  strains,  the  mature  chloro- 
plasts  are  well  formed,  of  similar  sizes,  and  enclosed  by  a  dis- 
tinct limiting  membrane.  The  main  difference  appears  to  be  in 
the  number  of  lamellae  present.   Of  these  three  strains,  cells 
of  mutant  III-D-2  (Figure  1)  contain  the  highest  concentration 
of  all  three  pigments;  they  also  have  the  greatest  number  of  la- 
mellae per  chloroplast  and  the  most  highly  organized  chloro- 
plasts.  Mature  cells  of  wild-type  (Figure  2)  closely  resemble 
those  of  III-D-2,  but  their  chloroplasts  have  fewer  lamellae  and 
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a  slightly  more  open  organization.  Chloroplasts  in  mature  cells 
of  III-C  (Figure  3),  a  strain  which  lacks  phycobiliproteins,  are 
only  slightly  less  organized  than  those  of  III-D-2  and  the  wild- 
type. 

Considerable  variation  in  the  orderliness  of  the  lamellar 
system  is  observed  in  these  three  cell  types.   This  may  be  re- 
lated to  the  angle  of  sectioning  or  the  age  of  the  cells;  a 
breakdown  of  structure  has  been  observed  in  cells  of  old  cul- 
tures.  (Prior  to  division  a  complete  disorganization  of  the  la- 
mellar system  and  chloroplast  also  occurs,  but  these  changes 
are  not  relevant  to  the  present  discussion.)   Thus,  from  a  com- 
parison of  III-D-2,  III-C,  and  wild-type  cells,  it  seems  that 
phycobiliproteins  are  not  essential  structural  elements  of  the 
photosynthetic  lamellae,  nor  are  they  necessary  for  the  over- 
all organization  of  the  lamellar  system  of  the  mature  chloro- 
plast. 

In  mature  cells  of  mutant  GGB,  a  strain  which  lacks  chloro- 
phyll a  but  contains  phycobiliproteins,  the  lamellae  have  a  unit 
membrane  structure  similar  to  that  in  III-D-2  and  wild-type  (Fi- 
gure 4c)  but  they  are  usually  shorter  a  few  hundred  A  to  a- 

bout  a  micron  in  length.   In  general  the  lamellar  system  is  less 
well  organized  than  in  the  other  strains  described  (Figure  4): 
In  the  peripheral  region  of  the  chloroplast,  the  lamellae  are 
frequently  arranged  in  parallel  rows  of  about  the  same  length  as 
in  wild-type  and  occasionally  (Figure  4b)  most  of  the  lamellae 
show  parallel  arrangement.  Usually  in  the  main  body  of  the 
chloroplast,  however,  the  lamellae  are  much  shorter.  The  smal- 
ler pieces  tend  to  be  scattered  at  random,  while  the  larger 
pieces  tend  to  be  parallel  but  with  a  wavy  orientation.  The 
total  amount  of  lamellae,  as  represented  by  the  profiles  of  the 
segments  in  the  sections,  is  much  less  than  in  wild-type  or  III- 
D-2,  possibly  less  than  a  quarter.  In  some  sections  large  areas 
of  the  chloroplasts  contain  only  a  few  short  lamellae.  The  ma- 
ture chloroplasts  are  similar  in  size  to  those  in  wild-type,  but 
have  a  more  irregular  shape.  The  limiting  membrane  is  not  al- 
ways distinct  and  tends  to  merge  with  the  cytoplasmic  membranes. 
Because  of  this,  the  chloroplasts  in  GGB  are  not  as  clearly 
differentiated  from  the  cytoplasm  as  in  III-D-2,  wild-type,  and 
III-C. 

The  mutant  GGB-Y  has  a  structure  similar  to  GGB,  but  its 
chloroplast  is  much  less  organized  (Figure  5).  The  chloroplasts 
are  irregular  in  shape;  the  limiting  membrane  is  frequently  dis- 
continuous so  that  the  lamellae  often  merge  into  the  cytoplasm. 
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Thus,  the  chloroplast  in  GGB-Y  does  not  appear  as  a  distinct 
organelle  sharply  differentiated  from  the  cytoplasm.  Rather  it 
resembles  a  collection  of  loosely  arranged  lamellae  more  or  less 
aggregated  into  a  discrete  body;  yet  in  some  cells  the  area  oc- 
cupied by  this  aggregation  is  about  equal  to  that  of  a  well 
organized  chloroplast.   The  individual  lamellae  have  the  usual 
double  membrane  structure  (Figure  5c)  but  are  shorter  than  in  the 
other  mutants,  varying  from  less  than  a  few  hundred  K   to  about  a 
micron  in  length.   Some  of  the  larger  lamellae  have  a  parallel 
orientation  (Figure  5b) .   Usually  the  orientation  is  irregular 
with  the  lamellae  in  the  peripheral  regions  often  extending  into 
the  cytoplasm. 

Conclusions 

1.  The  pigments  chlorophyll  a,  phycocyanin,  and  allophy- 

cocyanin  do  not  appear  to  be  essential  structural  components 

of  the  unit  membrane. 

2.  Since  the  structural  integrity  of  the  lamellae  does  not 
involve  the  pigments,  it  is  possible  that  the  pigments  normally 
found  in  the  lamellae  may  be  added  to  preformed  membranes  during 
chloroplast  development. 

3.  The  amount  of  lamellar  material  and  its  degree  of  organi- 
zation varies  among  the  mutants  studied  in  the  following  order: 
III-D-2>  Wild-type  and  III-C >  GGB  >  GGB-Y.   Thus,  although  pig- 
ments are  not  essential  components  of  the  lamellae,  their  pre- 
sence affects  the  extent  and  organization  of  the  lamellar  system. 
It  is  possible,  however,  that  the  low  degree  of  chloroplast  or- 
ganization in  GGB  and  GGB-Y  cells  may  be  related  to  their  hetero- 
trophic state.   The  presence  of  fewer  lamellae  and  their  poor 
orientation  may  result  from  the  absence  of  photosynthetic  acti- 
vity. 

4.  It  has  not  been  possible,  from  an  examination  of  this  set 
of  mutants,  i.e.  by  comparing  cells  of  the  wild-type  with  III-C 
or  GGB  with  GGB-Y,  to  determine  the  normal  location  of  the  phyco- 
biliproteins  in  the  chloroplast  of  C.  caldarium. 

5.  Since  the  unit  membrane  is  the  basic  structural  unit  of 
the  cytoplasmic  photosynthetic  lamellae  of  the  blue-green  algae, 
the  photosynthetic  lamellae  of  chloroplasts,  and  the  photosyn- 
thetic lamellae  of  Cyanidium,  it  can  be  assumed  that  some  of  the 
conclusions  reached  for  this  alga  are  generally  applicable.  That 
is,  chlorophyll  a  is  neither  an  essential  structural  component  of 
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"photosynthetic  lamellae"  nor  is  it  essential  for  the  formation 
of  unit  membranes  and  their  association  at  the  level  which  oc- 
curs in  C.  caldarium  in  which  two  or  three  unit  membranes  con- 
stitute a  dense  band.  However,  the  orientation  of  dense  bands 
to  one  another,  the  extent  of  the  lamellar  system,  and  the  gene- 
ral organization  of  the  chloroplast  as  a  discrete  organelle  may 
be  affected  by  the  presence  of  chlorophyll. 
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Figure  1.  Mutant  III-D-2 

a)  Section  of  adult  cell  showing  two  chloroplast  profiles  with 
bands  of  lamellae  enclosed  by  a  limiting  membrane,  (x  40,000) 

b)  Chloroplast  profile  showing  lamellae  less  oriented  than 
in  (a).   (x  40,000) 

c)  Section  of  portion  of  chloroplast  showing  bands  of  lamellae, 
and  double  membrane  structure.   (x  160,000) 
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Figure  2.  Wild -Type 

a)  Section  of  adult  cell  showing  lamellae  in  the  chloroplast. 
Difference  in  organization  as  compared  with  III-D-2  is  due 
to  angle  of  section  -  compare  Figure  lb.   (x  40,000) 

b)  Section  of  portion  of  chloroplast  showing  bands  of  lamellae, 
with  double  membrane  structure,   (x  160,000) 
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Figure  3.  Mutant  III-C 
(minus  phycocyanin  and  allophycocyanin) 

a)  Section  of  cell  showing  irregular  shape  of  chloroplast. 
Chloroplast  is  partially  disorganized  because  the  cell  is 
approaching  division,   (x  40,000) 

b)  and  c)  shows  parallel  arrangement  of  lamellae  and  well  or- 
ganized plastidso   (x  40,000) 

d)  Section  of  portion  of  chloroplast  showing  bands  of  lamellae 
with  double  membrane  structure.   (x  160,000) 
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(minus  chlorophyll  a) 

a)  Section  of  cell  showing  irregular  shape  of  chloroplast. 
This  is  normal  situation  and  not  due  to  approaching  cell 
division.   (x  40,000) 

b)  A  single  chloroplast  showing  parallel  arrangement  of  lamellae 
-  chlorophyll  absent.   (x  40,000) 

c)  Section  of  portion  of  chloroplast  showing  bands  of  lamellae 
with  double  membrane  structure. 


570 


Lawrence  Bogorad,  Frank  V.  Mercer,  and  Rosemary  Mullens 


:;1     '•  II  ■& 


^: 


I  -'I 


./(- 


Htyt 


"JWjPw«*i' 


V  '  M 


Figure  5.  Mutant  GGB-Y 
(minus  chlorophyll  a  and  phycobiliproteins) 

a)  Section  of  cell  showing  poorly  organized  chloroplast(s) . 
Chloroplast  membrane  not  easily  identifiable  and  lamellae 
merging  into  cytoplasm.   (x  40,000) 

b)  Portion  of  a  chloroplast  showing  that  bands  of  lamellae 
may  have  a  parallel  orientation.   (x  40,000) 

c)  Section  of  portion  of  chloroplast  showing  bands  of  lamellae 
with  double  membrane  structure.   (x  160,000) 


CHLOROPHYLL'S  LIPID  ENVIRONMENT 

A.  A.  Benson 

Estimates ^'2 of  the  intermolecular  distance  for  chlorophyll  in  chloro- 
plast  lamellae  correspond  to  those  of  a  half-molar  solution.    Photochem- 
istry of  dilute  chlorophyll  solutions  hardly  seems  pertinent  to  conditions 
existing  in  the  chloroplast.    Interactions  of  closely  spaced  chlorophyll 
molecules  oriented  at  the  water-air  interface  have  recently  been  reinves- 
tigatedl    Absorption  maxima  of  the  pure  pigment  were  shown  to  be  de- 
pendent upon  the  film  pressure,  especially  when  it  exceeded  the  limit  of 
reversible  pressure-area  relationships.    Whether  the  presence  of  other 
highly  surfactant  molecules  might  produce  similar  effects  has  not  yet 
been  demonstrated  but  appears  plausible.    The  lipids  of  chloroplasts  are 
among  the  strong  surfactants  of  Nature, 

Myelin  Figures 

Formation  of  myelin  figures  is  a  characteristic  action  of  certain  phos- 
pholipids upon  hydration^.    These  multilaminar  structures  exhibit  dimen- 
sions found  in  cell  organelles.    The  early  observations  of  Menke^  and 
Weber^  revealed  the  formation  of  myelin  figures  from  chloroplast  com- 
ponents in  intact  cells.    These  birefringent  green  films  were  extruded  as 
a  result  of  disorganization  of  the  plastids  by  a  variety  of  reagents.    It  is 
now  of  interest  that  the  most  concentrated  lipid  of  chloroplasts  exhibits 
just  such  activity  when  the  pure  substance  is  exposed  to  water^ . 

Chloroplast  Lipids 

The  chloroplast  lamellar  lipids  have  been  identified  and  recently  have 
been  isolated^    The  glycolipids  of  Figure  1  and  the  phospholipids  of 
Figure  2  are  the  surfactant  materials  which  appear  to  stabilize  the  mem- 
branes of  chloroplasts.    These  lipids  which  stabilize  membranes  of  the 
thylakoids  are  predominantly  amphipathic  surfactant  substances  which, 
like  chlorophyll  itself,  possess  hydrophyllic  and  hydrophobic  groups. 
The  solubility  properties  and  structure  of  these  groups  determine  the 
molecules'  interfacial  adsorption  properties  and,  apparently,  the  struc- 
ture and  stability  of  oriented  molecular  leaflets  which  occur  in  the  chlor- 
oplast. 

The  hydrophyllic  moiety  of  chloroplast  lipids  is  primarily  the  a  -D- 
galactosyl-(l-*6)  -D-galactosyl  group  of  digalactosyl  diglyceride.  This 
lipid,  together  with  about  half  as  much  of  the  monogalactosyl  diglyceride, 
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Fig.  1.  Glycolipids  of  chloroplasts.  Galactosyl  diglyceride, 
the  plant  sulfolipid  (  sulfoquinovosyl  diglyceride),  and  digal- 
actosyl  diglyceride. 

is  the  "neutral  lipid"  to  which  Menke^  referred  in  his  early  analysis  of 
chloroplast  lipids.    The  water -solubility  of  the  galactosyl  groups,  coup- 
led with  the  hydrophobic  and  liquid  properties  of  the  two  tri -unsaturated 
C18  fatty  esters  (linolenic  acid), gives  these  lipids  their  surfactant  pro- 
perties.   They  resemble  the  synthetic  non-ionic  detergents.    The  moder- 
ate water -solubility  of  the  galactolipids  allows  one  to  consider  their  dif- 
fusion or  transport  in  the  aqueous  phase.    Yet,  it  is  not  so  great  as  to 
preclude  formation  of  stable  myelin  figures  when  the  pure  digalactosyl 
diglyceride  is  exposed  to  water. 

The  most  striking  aspect  of  the  galactolipids  is  their  phenomenal 
fatty  acid  composition.    They  are  the  most  unsaturated  lipids  in  Nature 
and  contain  as  much  as  96%  linolenic  acid^*''^^'^    The  sulfolipid^  and 
phospholipids^^  on  the  other  hand,possess  saturated  as  well  as  unsat- 
urated acids.    Fatty  acid  compositions  of  glycolipids  isolated  from 
alfalfa  and  Chlorella  are  given  in  Table  I. 

Table  I 
Fatty  Acid  Composition  of  Glycolipids  of  Alfalfa  and  Chlorella^ 


Monogalactolipid 


Sulfolipid 


Digalactolipid 


Alfalfa 


Chlorella 


2.7  %  Palmitic 

42,8  Palmitic 

14.0  Palmitic 

95.0       Linolenic 

47,2  Linolenic 

82.0  Linolenic 

2.7       Palmitic 

67.5  Palmitic 

11.6  Palmitic 

9.7       Palmitoleic 

laS  Oleic 

9.5  Palmitoleic 

40.5      Oleic 

9.8  Linolenic 

36.8  Oleic 

26.8       Linolenic 

27.0  Linolenic 
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Lipids  of  Isolated  Chloroplasts 

Present  estimates  of  concentrations  of  the  lipid  components  of  plant 
cell  organelles  may  be  affected  by  enzyme -catalyzed  degradation.    The 
lipids  of  runner  bean  leaf  chloroplasts ^^  contained  no  galactolipids  as  a 
result  of  activation  of  galactolipases  by  disruption  of  the  cells.    Water 
homogenates  of  the  leaves  catalyzed  rapid  liberation  of  fatty  acids  from 
pure  galactolipids.    In  other  instances  we  have  observed  specific  degrad- 
ation of  the  sulfolipid  as  a  result  of  breaking  Scene desmus  cells^^.  It  is 
possible  that  inactivation  of  chloroplasts  and  their  failure  to  retain  cer- 
tain protein  components  is  a  result  of  lipase  action  and  consequent  alter- 
ation of  the  stability  of  their  lipid  membranes.    Such  phenomena  are 
well  understood  in  the  case  of  erythrocyte  lysis  by  phospholipase  A. 

The  unsaturation  characteristic  of  chloroplast  lipids  leads  to  the 
suggestion  that  the  hydrophobic  phase  of  an  adsorbed  layer  will  be  a 
liquid  rather  than  possessing  the  highly  oriented  structure  characteristic 
of  compressed  monolayers  of  saturated  fatty  acids.    This  'liquid'  region 
may  be  'dissolved'  in  hydrophobic  sections  of  adjacent  protein  molecules. 
The  cytochromes  c  for  which  amino  acid  sequences  are  known  have  such 
hydrophobic  regions.    It  may  be  found  that  'liquid'  fatty  acid  chains  like 
that  of  linolenic  acid  are  particularly  strongly  adsorbed  by  certain 
hydrophobic  regions  of  proteins. 

Chlorophyll's  Environment 

The  phytyl  ester  moiety  of  chlorophyll  may  induce  orientation  of  the 
molecule  to  an  extent  which  may  approximate  that  of  the  glycolipids. 
This  surfactant  pigment,  then,  must  be  surrounded,  in  the  main,  by  the 
predominant  chloroplast  lipid,  digalactosyl  diglyceride.    The  porphyrin, 
therefore,  would  be  compressed  at  an  interface  by  hydrated  galactose 
molecules.    Since  these  lipids  vary  in  concentration  with  illumination 
one  should  anticipate  changes  in  association  of  propinquitous  pigments 
and  thereby  in  their  absorption  spectra.   James  Franck  suggested  that 
the  fluorescent  and  non-fluorescent  forms  of  chlorophyll  are  the  result 
of  their  be  situated  in  aqueous  and  hydrocarbon  phases  of  the  chloroplast. 
The  chlorophyll  compressed  in  a  membrane  of  galactosyl,  sulfoquinov- 
osyl,  and  L-1-glycerophosphoryl  groups  of  the  oriented  chloroplast  lipids. 
Chlorophyll,  more  deeply  embedded  in  the  hydrocarbon  phase  of  the  li- 
pids or  adjacent  protein  would  correspond  to  the  non-fluorescing  form. 

The  precise  location  of  the  lipid   layers  which  the  electron  micro- 
graphs suggest  is  still  uncertain.    The  developing  understanding  of  the 
chemistry  and  metabolism  of  these  substances  promises  to  provide 
more  probable  bases  for  interpreting  present  pictorial  concepts  of 
chloroplast  lamellar  structure. 
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Fig.  2.    Phospholipids  occurring  in  chloroplasts. 
The  most  concentrated  phospholipid  in  chloro- 
plasts is  phosphatidyl  glycerol. 
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THE  CHLOROPLAST  STRUCTURE  IN  PliOTCSrilTIIESIS 
Jerome  J.  V/ollcen 


The  chemistry  and  molecular  structure  of  the  chloroplast  must 
he  linJced  to  its  function  as  an  energy  capturing,  storing,  and 
transferring  device  in  photosynthesis.  An  organism  ideally  suit- 
ed for  the  study  of  the  cliloroplast  chemistry  and  structure  is 
Euglena,  which  is  photos ;yrithetic  in  the  light  and  "chemosynthe- 
tic"  in  the  dark.  In  these  light< ^>dark  adaptations,  biochemi- 
cal changes  are  accompanied  by  structural  changes  of  the  chloro- 
plast. In  addition,  grcarth  at  elevated  temperatures  above  32°C. 
and  drug  action  (e.g.,  streptomycin,  antihistamines,  etc.)  inter- 
fere -vrith  the  organism's  photometabolism  and  hence  with  chloro- 
phyll synthesis,  bringing  about  structural  changes  of  the  chloro- 
plast and  resulting  in  chlorophyll- less  mutant  fortTis(l). 

THE  CIELOROPLAST 

The  precise  ccanposition  and  chemistry  of  active  chloroplasts 
is  still  unlcnown;  gross  analysis  of  isolated  chloroplasts  indi- 
cates from  35^  to  55fa  protein,  l8/a  to  37^  lipids,  mostly  phospho- 
lipids, and  5^  "to  8^  inorganic  material  on  a  dry  weight  basis. 
Nucleic  acids,  RNA.  and  DIIA,  have  been  identified,  with  estimates 
from  0.3/0  to  yjo   on  a  dry  weight  basis.  ^^^^  Tlie  chJ.oroplast  pig- 
ments, the  chlorophylls  average  about  Sjo   and  the  carotenoids  2^. 
In  Euglena,  the  chloroplast  chlorophvlls  constitute  about  855^ 
chlorophyll  a  and  15^/3  chlorophyll  b  ^-'■''.  The  major  carotenoids 
are  p-carotene,  lutein,  and  neoxanthin.  However,  in  Euglena^  in- 
stead of  lutein,  80^  of  the  carotenoids  present  were  identified 
as  antheraxanthin,  11^  p-carotene,  and  7^  neoxanthin^  0,  In  addi- 
tion, ^k-carotene,  crytoxanthin,  echinenone,  and  two  new  caroten- 
oids, euglenanone  and  hydroxy-echinenone  irere  identified. 

The  chlorophyll  and  carotenoid  syntheses  can  be  followed,  and 
their  concentrations  calculated  frou  the  absorption  spectra.  For 
example,  from  such  spectra,  1,0  x  10^  chlorophyll  molec\i3.es  were 
calculated  for  an  average  chloroplast ^5 ^ .  It  is  now  possible  to 
obtain  the  absorption  spectruia  of  a  ^i,ngle  in  vivo  cliLoroplast  by 
techniques  in  microspectrophotcmetry^'^^.  A  recorded  absorption 
spectrum  of  a  Euglena  chloroplast  is  illustrated  in  Fig,  1,  Fig, 
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2   shews  fine  structure  of  the  spectrum  from 
675-710  mn  for  a  very  young  cultxrce.  Chloro- 
phyll a  has  absorption  pealcs  at  673,  683,and 
695  mn.  As  the  cells  age,  shifts  in  the  ab- 
sorption peaks  to  longer  wavelengths  occur. 
Chlorophyll  is  not  a  free  pigment  molecule  in 
the  chloroplast,  but  is  camplexed  to  a  pro- 
tein or  lipoprotein.  The  actively  photosyn- 
thesizing  Euglena  has  chlorophyll  uniformly 
distributed  throughout  the  chloroplast  as  il- 
lustrated in  Fig.  3. 

Coupled  vith  the  chlorophyll-protein  of 
the  chloroplast  is  a  cytochrome  system.  Two 
spectrally  different  cytochrome-c  types  were 
isolated  and  characterized  from  phot ©synthe- 
sizing and  non-phot OS ynthe sizing  Euglena. 
These  are  referred  to  as  cytochrome-552  and 
cytochr ome -556 w).  CytoclTrome-552  has  ab- 
sorption peaks  in  the  reduced  state  at  552, 
523,  and  4l6  mnj  cytochrome-556  has  absorp- 
tion peaks  in  the  reduced  state  at  556,  525, 
and  i|-21  ra|a(l).  Cytochrome-556  -v/as  also  ex- 
tracted from  substrains  of  Iffi,  heat-bleached 
and  SM,  streptomycin-bleached  Euglena  cells 
with  absorption  spectra  identical, to  those 
extracted  from  dark-grovm  Euglena''"^. 


When  dark-grown  Euglena  are  re-adapted  to 
light,  diAring  the  first  24  hrs.,  while  the 
cells  are  actively  synthesizing  chlorophyll, 
only  cytochrome-556  can  be  isolated;  however. 
Fig.  3  after  UQ   hrs.,  only  cytochrome-552  is  found. 
The  apparent  shift  from  cytochrome-556  to  cy- 
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tochrorae-552  is  not  a  resiilt  of  a  non- uniform  synthesis  of  chloro- 
phyll, since  sufficient  Euglena  remained  chlorophyll-free  during 
the  first  2^  hrs.  of  liglit  exposure  to  permit  the  extraction  of  a 
high  concentration  of  cytochrome -55 6.  This  spectral  species  of 
c;>'tochrome  must  have  heen  isolated  from  cells  in  which  active  chl- 
orophyll synthesis  was  occurring.  The  concentration  of  cytochrome 
-556  remains  relatively  constant  {k  x  lOT  m  moles  per  gram  wet 
weight  of  cells);  however,  cytochrome-552  increases  directly  with 
chlorophyll  synthesis  in  a  ratio  of  the  order  of  1  c;i'tochrome-552 
to  every  300  chlorophyll  molecules.  The  change-over  from  one 
spectral  type  of  cytochrome  to  the  other  would  be  expected  to  oc- 
cur earlier  than  it  has  been  observed.  Cytoclirome-552  is  prob- 
ably synthesized  fran  a  common  metabolic  pool  under  the  influence 
of  light.  Both  c;!,'tochromes  are  therefore  present  in  the  photosyn- 
thetic  Euglena. 

Ifeinometric  measurement  of  the  photosynthetic-respiratory  ratio 
(p/R)  shows  that  until  dark-grown  Euglena  have  been  illuminated 
for  2k  hrs,,  the  P/R  =  <1.  After  this  time  (at  least  one  genera- 
tion, varying  between  I6  and  2^  hrs-) v the  P/R  becomes  >1  and  ac- 
tive photosynthesis  can  be  measured^  ',  These  data  are  in  agree- 
ment with  our  observations  on  the  increase  of  chlorophyll  and  the 
chlorophyll  dependence  of  c-^d:ochrome-552^°^. 

The  oxidation-reduction  potential  E'q  of  c:>'tochrome~552  is 
+0,38  volts,  and  for  cytochrome -5 5 6  is  +0.32  volts.  These  high 
potentials  for  the  c;>'tochromes  indicate  that  they  can  take  part 
in  the  photometabolic  electron  transport  in  the  cloloroplast.  IIo\7-- 
ever,  in  view  of  the  measured  value  of  the  oxidation-reduction  po- 
tential for  cytochrome-55'J>  which  is  greater  than  that  expected 
for  the  respiratory  cytochrome-£  as  well  as  for  cytochrome-a  +  ao 
it  could  not  transfer  electrons  to  the  oxidase;  i.e.,  it  could 
not  be  oxidized  by  the  enzyme.  It  is  suggestive,  then,  that  cy- 
tochrome-556  is  associated  with  the  initial  steps  leading  to  chl- 
orophyll synthesis  and  to  the  chloroplast  structure, V"^ 

STRUCTURE 

To  bring  the  chemistry  of  the  chloroplast  together  with  its 
struct  lire,  a  morphological  study  of  Euglena  chloroplast  s  under 
different  environmental  conditions  lias  been  pursued.  In  the  light 
microscope,  Euglena  chloroplasts  are  easily  identified  as  green 
organelles  (see  Fig.  ^,   a  cross-section  of  a  Euglena),  Electron 
microscopy  increases  the  resolution  to  delineate  a  chloroplast 
membrane  and  internal  dense  layers  (lamellae)  with  less  dense  in- 
terspaces (Fig,  6),  Each  dense  layer  is  of  the  order  of  25O  A  in 
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thicliness  and  an  average  chloroplast  contains  21  such  dense  lay- 
ers. The  dense  layer  appears  to  be  a  composite,  a  double  layer 
with  lamellae  from  5^  to  100  A  in  thickness.  Depending  on  the 
fixatives  used  and  the  resolution  of  the  electron  microscope,  as 
many  as  4  to  6  lamellae  can  be  delineated  (Fig.  6).  However,  we 
associate  only  the  two  outer  lamellae  with  the  chlorophyll  mole- 
cules. Although  chemical  analyses  of  the  chloroplast  lamellae 
have  not  yet  been  accomplished,  the  dense  layers  are  talcen  for 
lipoproteins  and  lipids  because  of  their  affinity  for  fixing  a- 
gents  such  as  OSO4  and  the  less  dense  spaces  are  aqueous  proteins 
enzymes,  and  dissolved  salts.  It  was  further  envisioned  that  the 
hydrophilic  porphyrin  "heads"  of  the  ch3.orophyll  molecijles  extend 
into  the  aqueous  protein,  and  that  the  lipophilic  phj^-fcol  "tails" 
reach  to  the  lipid  layer. 

1/hen  Euglena  are  dark-gro\m,  their  chloroplast s  are  no  longer 
recognizable.  These  dark-f^proam  Euglena  cells  contain  chloroplast 
remnants,  proplastids^°^.  Bleached  cells,  whether  apx^earing  by 
dark-adaptation,  streptomycin,  heat,  or  u.v.  light,  all  possess 
proplastids.  Gibor  and  Granickv-L'^^ll^  found  tliat  the  proplastids 
of  some  of  these  bleached  strains  were  capable  of  sjTithesizing 
porph;;>'rins  in  a  standard  culture  medium.   Others  s^-nthesized  por- 
phyrins onJ-y  after  the  8-ddition  to  the  medium  of  delta-aminolevu- 
linic  acid,  a  prec\;irsor  to  porphyrin  synthesis  ^--^^.  Upon  re-adap- 
tation to  light,  the  chloroplast  development  can  be  followed  at 
regTxLar  time  intervals.  After  as  little  as  h  hrs,  in  the  light, 
elongated  bodies  characteristic  of  chloroplast  lamellae  appear, 
but  these  are  thinner  and  not  regularly  packed.  The  lamellae, few 
in  number  at  first,  increase  progressively  irith  time  in  continu- 
ous light,  and  by  72  hrs.  (3-^1-  generations  under  ovcc   conditions) 
the  chloroplasts  have  the  shape  and  lamellar  organization  describ- 
ed for  active  phot osynthe tic  Euglenas  grown  in  light  for  many  gen- 
erations (Figs.  5  a-nd  6).  Tlie  number  of  lamellae  tliat  are  formed 
can  be  correlated  with  chlorophyll  synthesis,  and  to  the  number  of 
chlorophyll  molec\ales(-^^5).  This  kind  of  structure  has  the  advan- 
tage of  bringing  a  large  surface  area  necessary  for  the  number  of 
cM.orophyll  molec;ales  in  the  chloroplast  to  be  compressed  into  a 
small  vo3.ume. 

To  see  ho\7  much  clolorophyll  -vra-s  available  to  the  chloroplast, 
and  what  area  of  the  total  lamellar  surfaces  irould  be  occupied  by 
the  chlorophyll  molecioles,  the  chlorophyll  concentration  per  chl- 
oroplast \rB.s   determined  and  the  number  and  thlclaiess  of  dense  lay- 
ers -vras  statistically  evaluated  (Table  l),  'Jihe  validity  for  mono- 
moleciJLar  layers  of  ciilorophyll  molecules  on  the  surfaces  of  the 
chloroplast  lamellae  \ra,s  determined  by  ca^lculating  the  area  avail- 
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able  for  the  porphyrin  of  the  chlorophyll  molecule '^^^«  This  was 
found  to  be  222  bt,   vhich  is  about  the  right  cross-section  for  a 
porphyrin  molecule  spread  on  a  water-air  interface.  Similar  cal- 
culations since  made  for  the  chlorophyll  cross -sectional  area  in 
the  cliloroplast  of  a, variety  of  plants  were  also  found  to  be  of 
the  order  of  200  Sr   ^12,13]^ 

TABLE  I 
Chloroplast  Euglena  gracilis 

diameter  1.23  H  (l.04  -  l.Jj-2) 

length,  D  6.5O  |i  (5.2  -  9.3) 
number  of  dense  layers,  n  21   (18  -  2^1-) 

danse  layer  thickness,  T  2if2  A  (18O  -  303 ) 

interspace  layer  thickness  37^  °  (300  -  h'jG) 

chlorophyll  molecules,  N  1.02  x  10^  (O.88  -  I.36) 

Mean  and  Extremes  in  the  Measurements. 

On  the  basis  of  the  chlorophyll  concentration,  structural  data, 
and  calculations  of  the  area  and  volume  occupied  by  the  pigment 
molecules  of  the  chloroplast,  .the  schematic  molecular  model  illus- 
trated in  Fig.  k  was  proposed^^^.  The  model  (Fig.  ka.)   includes 
the  suggestion  of  Baas  Becking  and  Hans on ^1^)  that  k   chlorophyll 
molecules  are  united  to  form  tetrads  in  such  a  \ray   tliat  only  one 
of  the  phytol  tails  is  located  at  each  intersection  in  the  rect- 
angular network.  This  arrangement  has  the  advantage  of  leaving 
adequate  space  for  the  carotenoid  pigments.  If  these  spaces  are 
occupied  as  illustrated,  there  would  be  at  least  one  carotenoid 
molecule  for  every  three  chlorophyll  molecules  in  the  network. 
Since  the  molecular  weights  of  the  carotenoid  molecules  are  one- 
half  to  two-thirds  of  the  molecular  weight  of  the  chlorophyll 
molecules,  a  weight  ratio  ,  chlorophyll  to  carotenoid,  of  approx- 
imately k:l   to  6:1  would  be  expected.   On  the  other  hand,  the  car- 
otenoid molecules  are  slender  linear  molec\iles,  probably  5  A  in 
diameter,  and  therefore  more  than  one  molecule  could  conveniently 
fit  into  the  I5  £  x  I5  A  holes  formed  by  the  clalorophyll  tetrads. 
From  symmetry,  one  might  expect  as  many  as  four  molecules  per 
hole,  but  this  would  lead  to  very  tight  fitting,  which  would  be 
energetically  improbable.   One  can  therefore  put  a  lo\-/-er  limit  on 
the  number  of  chlorophyll  to  carotenoid  mo].ecules  of  roughly  1:1, 
and  a  weight  ratio  of  2 :1.  The  close  packing  of  the  chlorophyll 
and  carotenoid  molecules  in  the  pigment  monolayers  of  the  chloro- 
plast could  permit  energetic  interaction  between  the  pigment  mole- 
cules. The  average  number  of  chlorophyll  molecules  in  the  inter- 
facial  layers  is  obtained  by  s^.mply  dividing  the  chlorophyll  con- 


580 


Jerorae  J.  V7olken 


Isocyclic  ring 


Lipoprotein 
layer 


h     CliJ-oroplast,  sclienaatic 
cular  -loclel  indicating;  the 
orientation  and  ca.lculat8d 
croGC-Gection  of  the  chloro- 
lohvll  vaolecule  in  the  lauellae, 


centration  (l  x  10^)  hy  twice  the  number  of  dense  layers;  hence 
the  nuraher  \Tould  he  25  x  lO'i"  molecules  per  layer.  Tlie  number  of 
chlorophyll  molecules  per  imit  area  in  the  interfacial  monolayers 
is  just  the  reciprocal  of  the  area  available  to  each  molecule, 
i.e.,  approxims-tely  h   x  10-"L3  per  cra^, 

Tliere  are  several  possible  irays  in  vhich  the  chlorophyll  mole- 
cules could  be  oriented  in  the  chloroplast  lamellae.   If  the  por- 
phio-in  heads  of  the  clilorophyll  molecules  lie  at  0°  as  flat  plates 
as^lepicted  in  Fls.  ha,   their  greatest  cross-section  vould  be  a- 
vs-ilable.  However,  if  they  are  oriented  at  inci-easins  angles  up 
to  90°,  the  cross-sectional  area  aArailable  would  be  decreased. 
Sttidies  of  chlorophyll  monola--ers  at  various  liquid  surfaces  sug- 
rest  tixat  the  chlorophyll  molecules  probably  lie  at  angles  from 
25  to  55°  ATithin  the  lamellae,  thus  reducing  ovir  c|lcu_lated  cross- 
section  of  the  chlorophyll  molecule  to  about  100  A  .   Chlorophyll- 
a  has  been  shw-m  to  crystallize  out  in  thin  sheets  of  50  A,  cor- 
Fesioonding  to  two  molecularr  layers.  Since  t^e  crystallized  chl- 
orophyll molec\AJ-es  occupied  an  area  of  lOu  A  ^-^^  ^ ,   the  porphyrin 
"head"  of  the  chlorophyll  molecule  could  be  tilted  at  an  angle^ 
near  ''"^ 


^1-5'^.  However,  the  clilorophyll  molecules  in  the  living  cellt 
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are  in  a  d;;,^Tiamic  state,  and  are  arranged  so  that  their  ahsorption 
oscillators  are  oriented  for  maximum  absorption. 

THE  C'JLOROPHYLL-PRaiEIN 

The   molecular  weight  of  the  chlorophyll-protein  in  the  chloro- 
plast  can  be  estimated  from  the  chloroplast  structural  data  (Table 
l),  in  which  the  geometry  and.  chloroph\'ll  concentration  of  the 
chloroplast  is  employed.  The  assumption  is  that  the  electron- 
deixse  layers  would  contain  a  double  layer  of  protein  inacromole- 
cules,  and  that  there  is  one  chlorophyll  molecule  per  protein 
molecule.  An  eq.i;ation  can  be  \jTitten  in  a  form  containing  only 
the  experimental  measurements  : 

M  =  .  TcD^sLn 


W 

where  D  is  the  length,  T  is  the  thickness  of  the  dense  layers,  s_ 
is  the  density  talcen  as  1,3  that  of  a  protein  (if  a  lipoprotein, 
the  density  would  be  closer  to  l.l),  L  is  Avogadro's  niomber,  n  is 
the  number  of  dense  layers,  and  N  is  the  number  of  clilorophyll 
raolecviles.  The  moleculaip  weight  calcvilated  from  this  equation  is 
of  the  order  of  21,000^^"^/.  The  molecular  weight  \ra,s  also  esti- 
mated from  data  talcen  from  the  in  vivo  Euglena  cliloroplast  using 
interference  mJ.croscopy,  the  area  of  the  chloroplast,  and  its  chl- 
orophyll concentration.  'The   calculated  molecular  \reight  obtained 
iras  lo,OOo'-^^-'-°).  Frey-V/yssling^-^^^  suggests  tlxat  the  lamellae 
are  globiilar  raacromolecules  of  the  order  of  65  ^   in  diameter  (see 
Fig.  7),  which  would  accauodate  I6  chlorophyll  molecules  with  3. 
molecular  weight  of  the  order  of  68,000,  These  calculations  give 
us  an  estJjTiate  of  the  minimum  molecular  weiglit  of  a  chlorophyll- 
protein  molecule, 

CIELOROPLASTIil 

Since  the  chloroplasts  contain  large  quantities  of  lipid,  it 
is  difficult  to  solubilize  them  in  ^^ater,  IIo\/ever,  colloidal  sus- 
pensions of  the  chloroplasts  cem  be  prepared  by  ultrasonic  tech- 
niques and  by  extraction  with  detergents  (digitonin,  tergitol). 
Detergents  in  solution  foiin  colloid  aggregates,  micelles,  that 
liave  a  very  strong  attx^ction  for  many  of  the  more  complex  dye 
molecules.  The  non-ionic  re crystallized  digitonin  (C^cHqqOoo)  ^ 
digitalis  glycoside,  is  a  nitrogen-free  detergent,  ana  has  a  chl- 
olesteric  structure,  Digitonin  becaiAse  of  its  properties,  opens 
the  pigment-lipid,  lipoprabe in  layers  of  the  cliloroplast  and 
forms  chloroplastin  iTiicelles^-'-^''.  Sedimentation  in  an  anal;;-tical 
ultracentrifuge,  and  electrophoresis,  .sljo\f  that  chloroplastin  be- 
lia-ves  as  a  homogeneous  micelle  system  ■■-^'^^,  Absorption  spectra  of 
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ctLloroplastin  shows  sinillarlties  to  the  absoirption  spectrum  of  a 
chloroplast.  Hovrever,  chloroplastin  is  a  very  canplex  system  of 
chlorophyll,  carotenoicl,  c;)'tochrarae,  phospholipid,  lipids,  and 
protein  (Table  II). 

TABTJC  II 
Chloroplastin 

w,  dry  weight  mg/ml  27.3 

n,  nitrogen  mg/ral  0,36    _ 

p,  chlorophyll  moles /ml  6.3  x  10"^ 

c,  Gytochrome-552  raoles/ral  1.8  x  10" ' 

Rob  included  in  this  analysis  are  the  carotenoids  vhich  are  also 
extracted. 

Chloroplastin,  not  fixed  or  stained,  and  vlevred  directly  in 
the  electron  microscope  (Fig.  0)  reveals  particles  (<100-1000S)  of 
the  same  order  as  observed  by  electron  microscopy  in  the  fixed 
chloroplast  sections  (Fig,  7).  If  each  chloroiDlastin  micelle  is 
estiirated  to  be  about  200  R   in  diameter,  it  vould  have  225  chloro- 
phyll molecules,  55  carotenoid  molecules,  and  one  cytochrome  mole- 
cule vith  its  protein  and  lipids,  and  its  molecular  weight  would 
be  of  the  order  of  a  ral3J-ion.  This  is  in  agreement  with  the 
"chlorophyll  holochrome"  of  Smith'-^^Jand  close  to  the  minimum 
size  for  the  active  photos;;,Tathetic  unit  as  postulated  by  Emerson 
and  Arnold '^20)^ 

PITCTOCPHvlICAL  ACTIVITY 

Chloroplastin  exhibits  photochemical  activity  In  solution, The 
photore duct ion  of  the  dye  2,6,  dichlorobenzenoneindophenol  at  6OO 
mii  exhibits  a  primary  lohotocheriiical  reaction,  for  during  photo- 
sioithesis,  -vTater-siDlitting  reduction  provides  the  chemical  reduc- 
ing pa/er  which  is  trapped  by  the  dye,  and  consequently  the  dye  is 
reduced  to  a  colorless  forra,  Chloroplastin  extracts  that  sho\TOd 
active  dye  reduction  irere  observed  to  liave  an  absorption  peak  at 
^-88  mii.  (one  of  the  Euglena  carotenoids)  which  increased  in  the 
llglit  and  then  decreased  in  the  dark  withoiit  fiarfcher  addition  of 
dye.i-'-)  This  has  analogies  to  .the  bleaching  and  regeneration  of 
the  visual  complex,  rhodopsin^-'-^^. 

Chloroplast ins  which  actively  photoreduced  dye  were  also  test- 
ed for  their  ability  to  c8,u.se  lohotolysis  or  evolution  of  oxygen. 
Photolysis  \-/as  measured  rnanometrlcally  in  completely  anaerobic 
Warburg  Vessels,  niade  oxygen-free  to  permit  a  CLualitative  identi- 
fication of  oxygen  with  yields  of  20  to  30  \jlL   of  Og  in  two  min- 
utes. This  also  sheared  a  distinct  luminescent  glo\7  persisting 
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for  a  minute  after  an  anaerobic  suspension  of  Photo"bq.cterium 
phosplaoreum  was  injected  into  the  system  in  darluiess{21j, 

A  light-catalyzed  conversion  of  inor^^Jiic  phospliate  into  la- 
bile phospliate  vas  also  observed  over  a  1  hr.  period  in  a  similar 
anaerobic  system  containing  6  co-factors  and  adenosine  monophos- 
piiate^^-^^.  The  reaction  vessels  contained  2  ml  of  chloroplastin 
ifith  a  chlorophyJJL  concentration  of  about  IO'^m,  20  \£:A   of  Mg  ++30 
nil  of  alpha  ketoglutarate,  0.3  \£:i   of  riboflavin-5 -phosphate,  0.6 
nil  of  menadione  (Vitamin  Ko)  2[s}'l   of  ascorbate,  5|ig  of  cytochrome- 
c.  55  nil  of  adenosine  monophosphate,  and  4ng  of  inorganic  phos- 
phate. Tliese  experiments  were  immediately  repeated  with  the  addi- 
tion of  glucose  and  hexokinase,  and  the  glucose -6-phosphate  form- 
ed ■^•ra.s  determined  by  triphospho-p^joridine  nucleotide  reduction  at 
^kO  m\x   in  the  presence  of  glucose-6-phospliate  dehydrogenase.  In 
this  \iB.y,   80  to  90fj  of  the  inorganic  phosphate  that  disappeared 
was  accounted  for  as  labile  phosphate.  The  phospliate  conversion 
occujrring  in  dark  controls  vTas  only  3  to  kfo   of  that  found  in  the 
light.  Whether  all  of  the  co-factors  play  a  role  in  the  reac- 
tion is  as  yet  \mkno\m.  These  results,  however,  do  indicate  that 
some  typical  photos^Tathetic  reactions  can  be  observed  with  Euglena 
chloroplastin. 

STRUCTURE  AIID  EIIERGY  TRAI^FER 

The  ordered  fine  structure  for  the  photoreceptors  has  led  to 
the  idea  that  they  bear  a  close  relationship  to  a  solid  state 
system,  exliibiting  properties  such  as  electronic  energy  transfer 
or  electronic  charge  transfer.  Experiments  have  been  carried  out 
\rlth   monolayers  of  clilorophyll,  chlorophyll  plus  p- carotene,  or 
B-carotene  alone  spread  on  various  surfaces.  Such  sandwiched  mo- 
dels liave  been  demonstrated  to  be  photoconductive^^^^'^SJ,  Experi- 
mental evidences  including  the  electron  spin  resonance  (ESR)  ex- 
periments and  the  semicpnduction  and  thermoluminescence  studies 
by  Arnold  and  Cla-^rton^^^'',  suggest  that  there  is  a  photoconduc- 
tive  mechanism  of  energy  transfer  actively  participating  in  the 
cliloroplast.  V/e  have  found  that  there  is  a  temperatiire  dependence 
of  conductivity  in  isolated  chloroplasts  and  chloroplastin  simi- 
lar to  the  relationship  found  in  semiconductors.  Tliese  experi- 
ments indicate  that  there  is  an  increase  in  conductivity  to  light 
particularly  in  the  region  660  m.[x,   also  that  the  conduction  is 
probably  by  ions,  electrons,  and  holes  ^2;?;, 

It  will  be  remembered  that  in  order  to  see  the  lamellae,  the 
chloroplasts  are  fixed  with  osmium  tetroxide,  potassiim  dichro- 
mate,  potassium  pemanganate,  or  other  metal-containing  ccmpoujid% 
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and  then  dehydrated.  This  can  be  considered  a  kind  of  Liesegang 
Phenomenon  (in  which  the  fixa-tion  is  not  continuous  but  forms  a 
series  of  precipitated  concentric  rings  separated  by  clear  spaces 
in  the  protein).  Light  can  modify  these  periodic  structures  if 
the  precipitated  molecules  are  light  sensitive.   If  a  2'/j  aqueous 
digitonin  solution  (the  concentration  for  extracting  the  pigment 
complex)  is  evaporated  from  a  layer,  periodic  ring  structures 
will  be  formed.   In  addition,  digitonin  exhibits  flow  birefring- 
ence, and  has  properties  of  a  liquid  crystal.   The  digitonin  mi- 
celles have  a  ver;;'  strong  attraction  for  the  d;-e  molecules,  chl- 
orophyll and  carotenes.  If  clrLloroplastin  is  alla\red  to  stand,  no 
birefringence  is  observed;  ha/ever,  a  liquid-crystalline  phase 
will  separate  out,  and  under  certain  conditions  birefringent  rod- 
like fibers  (tactoids)  form.  These  experiments  would  indicate 
that  the  pigment  molecules  become  aligned  in  the  digitonin  mi- 
celles. 

Tlie  rapid  evaporation  of  ivater  from  chlorop.l^stin  w.lll  produce 
period.ic  ring  structures  in  which  the  chlorophyll  molccioles  be- 
come oriented  (Fig.  93-).  V/hen  these  structiures  are  analyzed  by 
scanning  the  rings  and  interspaces  with  the  microspectrophotome- 
ter  at  675  mn  and  550  m)a  near  the  maximun  and  minimum  absorption 
peaks  for  chlorophyll  in  tlie  chloroplast,  and  the  pigments  are 
found  in  the  rings,  not  in  tJic  interspaces  (Fig,  9^j).  Therefore, 
in  the  chloroplastin  raicelles,  we  not  only  have  clilorophyll,  caro- 
tenoids,  c^-tociiromes,  lipids,  and  protein  in  the  sane  relative  con- 
centration, but  in  similar  orientation  as  in  the  chloroplast.  The 
lamellar  structiore  for  the  orientation  of  the  pigment  molecules 
must  be  an  efficiency  mech.anism  for  light  capture,  but  it  may  al- 
so be  a  critical  fiinctioning  device. 

It  has  been  suggested  that  the  role  of  the  detergent  micelle 
in  reacting  with  one  of  the  substi'ates  simultaneoujsly  attracting 
the  other  substrate  to  the   ss-me  vicinity,  parallels  t:ic  beliavior 
of  an  enzyme  in  bringing  the  reactants  together;  the  porph:vTln- 
micelle  being  analogous  to  an  enzyme-substrate  comx^lex'^'^''''',  CM-- 
oroplastin  then  Its.s  featices  in  comaon  with  an  enzyme -catal^'zed 
system. 

Finally,  it  is  necessary  to  develop  raicroo-nal^'tical  methods  to 
study  the  in  vivo  ctLloroxJlast  chemistry  and  molecular  structure, 
Clxl.oroplastin  micelles  offer  for  the  present  an  excellent  exper- 
imental model  system  to  further  pursue  the  mechanisms  of  the 
photoreceptor  chemistry  to  its  molecular  structure. 
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Fig.  5  Euglena  EM  cross-section  showing  chloroplasts ;  Fig,  6  higher 
magnification  of  chloroplast  section  shov/ing  the  lamellae;  Fig.  7  Ei4 
sho\/ing  the  globules  5O-I5O  A  in  diameter  of  the  chloroplast  lamellae; 
Fig.  8  chloroplastin  particles  EII,  not  fixed  or  stained;  Fig.  9a  chl- 
oroplastin  rapidly  evaporated  from  a  drop  on  a  glass  surface;  b  scan 
of  the  layers  at  675  mja  indicating  the  orientation  of  chlorophyll  in 
the  layers. 
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Vin.     MECHANISM  OF  PHOSPHORYLATION, 
AND  STRUCTURAL  DEFORMATIONS 


COrWROL  OF  CHLOROPLAST  STRUCTURE  BY  ADENOSINE  TRIPHOSPHATE 

Lester  Packer 


It  is  now  clear  that  the  membranes  of  mitochondria  (l-2), 
chloroplasts  (3),  and  photosynthetic  bacteria  (k)   manifest  struc- 
tural changes  that  are  coupled  to  energy  transfer  reactions. 
These  changes  in  membrane  structure  when  measured  by  the  record- 
ing of  a  physical  parameter  such  as  light- scattering  are  found  to 
be  closely  correlated  with  conditions  favorable  for  either  oxida- 
tive or  photophosphorylation.   Since  the  reactants  required  for 
phosphorylation  coupled  to  electron  flow  are  also  necessary  for 
demonstrating  structural  changes  in  both  photosynthetic  and  non- 
photosynthetic  systems,  and  further,  since  inhibition  of  these 
functions  abolish  the  structural  changes,  it  has  been  suggested 
that  the  structural  parameter  is  under  the  control  of  dark  energy 
containing  intennediates  (l-^). 

Conditions  which  affect  ATP  hydrolysis  and  synthesis  have  of- 
ten been  implicated  in  the  control  of  membrane  structure.   In 
mitochondria  (5-6)  and  mitochondrial  membrane  fragments  (T-8), 
ATP  plus  a  divalent  cation  such  as  Mg++,  may  serve  to  drive  struc- 
tural changes,  which, in  the  case  of  intact  mitochondria  involve 
shrinl^age.   Recent  experiments  with  mitochondria  (9)  have  demon- 
strated that  swelling  induced  by  electron  transport  is  oligomycin 
ijisensifeLve,  whereas  reversal  of  swelling  by  ATP  (under  conditions 
of  oxidative  phosphorylation)  is  specifically  blocked  by  oligo- 
mycin. These  observations  suggest  that  ATP  and  its  hydrolysis 
can  be  involved  in  the  control  of  raechanochemical  changes.   Ohni- 
shi  and  Ohnishi  (lO)  have  isolated  a  protein  from  mitochondria 
which  undergoes  conformational  changes  with  ATP  (as  indicated  by 
light- scattering  and  viscosity  changes)  and  manifests  ATPase  acti- 
vity.  It  is  therefore  an  attractive  hypothesis  that  in  mitochon- 
dria, a  contractile- like  substance  may  be  involved  in  the  changes 
in  macromolecular  structure  coupled  to  energy  transduction. 

The  action  of  ATP  on  chloroplast  structure  has  only  recently 
been  investigated  (11-12).   Itoh,  Izawa  and  Shibata  (12)  using 
the  Coulter  counter  have  discovered  that  whole  spinach  chloro- 
plasts shrink  reversibly  in  the  light  to  become  50-80^0  of  their 
previous  volume.   The  time  course  of  this  phenomenon  was  relative- 
ly slow,  requiring  one  to  two  hours  in  the  dark  for  reversal  of 
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the  shrinkage.  A  more  rapid  and  reversible  type  of  structural 
change  in  chloroplasts  has  also  been  reported  by  measurement  of 
changes  in  "rectilinear  attenuance"  (l3),   which  are  thoiight  to 
result  from  changes  in  the  axial  ratio  of  chloroplasts  as  shown 
by  a  correlated  morphological  study  (l2).  The  addition  of  ATP  to 
chloroplasts  incubated  either  in  the  light  or  in  the  dark,  brought 
about  a  shrinkage  which  was  quite  rapid;  however  the  circumstances 
giving  rise  to  this  effect  appear  still  somewhat  uncertain.  In 
view  of  this,  it  seemed  worthwhile  to  examine  in  more  detail  the 
role  of  ATP  in  the  control  of  chloroplast  structure. 

The  results  of  a  typical  experiment  demonstrating  structural 
changes  in  chloroplasts  isolated  from  spinach  leaves  is  shown  in 
figure  1.  Initially,  the  chloroplasts  were  incubated  under  condi- 
tions necessary  for  phosphorylation  except  for  phosphate  and  acti- 
nic light.  The  reaction  system  contained  phenazine  methosulfate 
(H4S),  ADP,  and  Mg"*^.  A  low  concentration  of  chlorophyll  was 
employed  to  prevent  pigments  from  interfering  with  light- scatter- 
ing measurements.  The  light- scattering  responses  were  measured 
with  a  low  intensity  green  light  located  near  the  minimum  of  the 
photochemical  action  spectrum  since  this  process  minimizes  the 
possibility  of  activating  electron  flow  by  the  incident  beam.  The 
combination  of  low  chlorophyll  concentration  and  low  intensity 
green  light  is  the  trick  for  demonstrating  scattering  responses. 
The  experiment  shows  that  in  the  absence  of  phosphate  a  small 
light  scattering  increase  of  approximately  5^  was  brought  about  by 
Illumination  of  the  reaction  mixture  with  actinic  red  light  (6  x 
lO-'-^  quanta/sec  in  the  range  600-700  my-i).  The  5/0  increase  in 
scattering  was  reversible  upon  removal  of  actinic  light.  Phos- 
phate (5  mM)  was  then  added  in  the  dark;  this  led  to  no  change  in 
the  scattering  level,  but  upon  illumination  with  actinic  light,  an 
enormously  enhanced  scattering  was  obtained  and  it  now  seen  that 
the  scattering  increase  was  about  70fo   above  the  initial  level.   It 
may  be  further  noted  that  these  responses  are  repeatable;  alterna- 
ting periods  of  light  and  darkness  continued  to  give  the  scatter- 
ing response. 

Similar  studies  established  that  light- scattering  increases  in 


1.   Control  experiments  showed  that  these  optical  changes  were  de- 
pendent on  the  angle  at  which  the  emitted  green  light  irzas  measured 
in  a  manner  characteristic  of  scattering  and  that  they  are  there- 
fore not  fluorescence  changes.  Absorbance  changes  were  ruled  out 
by  showing  that  the  /»  change  was  independent  of  the  chloroplast 
concentration  in  the  range  used  in  the  experiments,  and  also  be- 
cause the  absorbance  of  the  pigments  was  too  low  to  effect  an 
apparent  scattering  measurement. 
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chloroplasts  occur  under  conditions  of  non- cyclic  as  veil  as  cyc- 
lic photophosphorylation.  In  non-cyclic  systems,  using  either 
MDP  or  ferricyanide  as  electron  acceptors,  scattering  responses 
induced  "by  actinic  light  are  completely  abolished  by  lO'^M 
5-(3,i^dichlorophenyl)-l,l-dimethylurea  (DCMU)  vhich  blocks  the 
first  light  reaction.  However  the  ability  to  manifest  scattering 
changes  can  be  restored  by  adding  ascorbate  and  the  dye  2,6  di- 
chlorophenol  indophenol  vhich  reinstitutes  electron  flow  and 
phosphorylation  by  passing  the  DCMU  block.  Scattering  changes 
under  conditions  of  cvclic  or  non- cyclic  photophosphorylation  are 
abolished  by  1  mM  Ml^^or  by  one  of  a  number  of  uncoupling  agents 
such  as  m-chloro-carbonyl  cyanide  phenylhydrazone  (CCP).  The  mag- 
nitude of  the  scattering  response  also  varies  with  the  intensity 
of  the  actinic  light,  although  a  careful  study  of  this  relation- 
ship for  several  non- cyclic  and  cyclic  systems  which  support  this 
phenomenon  has  not  yet  been  made.   In  brief,  all  of  the  kno^ra 
effects  of  actinic  light,  electron  carriers,  phosphate  acceptors, 
and  inhibitor  substances  in  the  chloroplast  system  seem  to  promote 
or  prevent  scattering  responses  in  an  exactly  predictable  manner. 

While  these  studies  establish  that  light- scattering  increases 
in  chloroplasts  occur  under  conditions  of  photophosphorylation, 
the  puzzling  observation  was  made  that  these  structural  changes 
were  lost  in  some  cases  even  when  chloroplasts  were  incubated  with 
the  cofactors  for  photophosphorylation.  These  "aged"  chloroplasts 
developed  a  requirement  for  ATP  to  manifest  scattering  changes. 
Figure  2  demonstrates  this  ATP  requirement.  Illumination  of 
chloroplasts  under  conditions  for  cyclic  photophosphorylation  led 
to  an  increase  in  scattering  of  2/o  upon  illumination  with  red 
light.  This  small  scattering  increase  was  reversed  after  extin-  ^ 
guishing  actinic  light.  The  addition  of  3.5  mM  ATP  in  the  "dark" 
did  not  change  the  scattering  level.  However,  when  the  red  light 
was  restored,  a  rapid  and  extensive  increase  in  scattering  ensued, 
reaching  a  steady  state  at  a  level  85/0  higher  than  the  initial 
scattering  intensity.  This  increased  scattering  state  could  be 
fully  reversed  by  extinguishing  the  actinic  light.  A  second  light 
and  dark  period  led  to  a  similar  cycle  of  scattering  increase  and 
decrease.  The  large  reversible  scattering  responses,  characteris- 
tic of  "fresh"  chloroplasts,  had  been  restored  by  ATP.  A  similar 
restoration  of  the  response  can  be  obtained  with  ITP. 

This  remarkable  restoration  of  the  scattering  response  induced 
by  red  light  in  the  presence  of  ATP  suggested  that  this  action  of 
ATP  might  bear  some  relation  to  the  existence  of  a  light- induced 
ATPase  in  chloroplasts  reported  by  Avron  (16)  and  Petrack  and  Lip- 
raann  (l?).  Petrack  and  Lipmann  demonstrated  that  light-induced 
ATPase  of  spinach  chloroplasts  was  maximally  activated  in  the 
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presence  of  cysteine  (O.08  M).  Accordingly  the  action  of  ATP  and 
also  of  ITP  on  the  scattering  responses  in  fresh  chloroplasts  was 
tested  in  the  presence  and  absence  of  cysteine.   Parallel  deter- 
minations were  made  of  nucleoside  triphosphatase  activity.   The 
results  (Table  l)  confirm  the  existence  of  the  light  activated 
ATPase  observed  by  Petrack  and  Lipmann,  and  also  show  photohydro- 
lysis  of  ITP.   Under  conditions  where  nucleoside  triphosphatase 

Table  I 
CORRELATION  OF  PHOTOHYDROLYSIS  OF  ATP  AND  ITP  BY  SPINACH 
CHLOROPLASTS  WITH  CHANGES  IN  CHLOROPLAST  STRUCTURE 

^  scattering  change   jumoles  phosphate  foimed/nig 
chlorophyll/l^  min 


Condition 


Light 


Dark 


Light 


Dark 


ATP 

ITP 

Cysteine+ITP 

Cysteine+ATP 
Llpoic  +  ITP 

Lipoic  +  ATP 


+22 

+83 

-f-69 
+70 

+76 


0.38 


0.22 
n    10 


~9 
-69 


tr 


-18  0.37 

-21  0.10 

-21  1.11 

0.39 
0.52 

20      5-5       0.6 
activity  is  maximum  (i.e.  in  the  presence  of  cysteine),  it  may  be 
seen  that  the  scattering  increases  induced  by  red  light  under  con- 
ditions of  cyclic  photophosphorylation  are  considerably  larger  as 
compared  with  those  in  the  absence  of  cysteine.   The  effects  of  a 
second  thiol  compound,  reduced  lipoic  acid,  are  also  sho\m;  its 
action  on  scattering  responses  and  nucleoside  triphosphatase 
activity  are  comparable  to  those  observed  with  cysteine.   Other 
experiments  verified  that  lipoic  acid  is  more  effective  on  a  con- 
centration basis  than  cysteine  for  the  activation  of  scattering 
and  nucleoside  triphosphate  hydrolysis.   The  scattering  changes  in 
the  absence  of  cysteine  or  lipoic  acid,  when  the  triphosphatase 
activity  is  lower,  were  largely  reversed  in  the  dark.  However  in 
the  presence  of  cysteine  or  lipoic  acid  and  ATP,  the  scattering 
increases  were  only  slightly  reversed  when  the  red  light  was 
turned  off.   This  was  consistently  observed  with  ATP,  but  less 
frequently  when  ITP  or  GTP  were  added. 

The  nature  of  this  incomplete  return  of  the  scattering  response 
occurring  in  the  presence  of  thiol  compounds  and  ATP  upon  removal 
of  actinic  light,  \ras   further  examined  as  illustrated  by  figure  3- 
Figure  3  shows  that  in  the  presence  of  cysteine,  ATP  and  basic 
reaction  mixture,  chloroplasts  manifested  an  incomplete  return  of 
scattering  after  removal  of  actinic  light.  Assuming  that  this 
incomplete  return  was  a  consequence  of  light  activated  hydrolysis 
of  nucleoside  triphosphates,  it  seemed  of  interest  to  examine  the 
action  of  a  number  of  substances  which  have  been  reported  to  inhi- 
bit this  activity  in  chloroplasts.   NHi^Cl  and  ADP,  added  at  con- 
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centrations  equal  to  that  of  ATP  (2  nW)  broiight  about  a  rapid  com- 
pletion of  the  reversal  of  the  scattering  response  in  the  dark. 
Abolition  of  the  original  scattering  increase  by  imi^.Cl  was  vir- 
tually complete,  where  as  ADP  led  to  only  a  partial  reversal. 
When  the  ADP  concentration  vas  raised  in  a  stepwise  fashion,  to 
twice  or  three  times  the  concentration  of  ATP,  however,  the  cumu- 
lative reversal  was  as  great  as  that  with  NHj^Cl.  The  kinetics  of 
the  reversal  of  scattering  brought  about  by  ADP  and  NHi^'*',  show 
that  the  rate  of  the  dark  return  was  more  rapid  with  ADP  than  with 
Mi^Cl. 

In  agreement  with  the  action  of  ADP  on  reversal  of  scattering 
changes,  it  is  found  that  this  substance  inhibits  nucleoside  tri- 
phosphatase activity  under  the  same  conditions  that  it  brings 
about  reversal  of  the  scattering  level  mairr^ained  in  the  presence 
of  ATP.  Furthermore,  in  the  absence  of  Mg   or  a  thiol  compound, 
reversal  of  scattering  is  complete  without  any  additions  and  under 
these  conditions,  the  corresponding  values  for  ATPase  are  low.  It 
is  therefore  concluded  that  high  ATPase  is  correlated  with  incom- 
plete reversal  of  scattering.  The  action  of  NHi^Cl  on  the  other 
hand,  must  be  different  from  ADP  since  Mi^Cl  is  not  an  inhibitor 
of  ATPase  under  these  conditions  (18-I9).  The  action  of  NHi^Cl  on 
scattering  responses  deserves  further  consideration  since  it  is  a 
powerful  inhibitor  of  photophosphorylation.  In  the  absence  of 
thiol  compounds,  Mj^Cl  added  before  illumination  prevents  scatter- 
ing responses  brought  about  by  actinic  light;  in  the  presence  of 
a  thiol  compound  however,  scattering  responses  can  still  proceed. 
In  the  presence  of  cysteine  and  ATP,  for  example,  scattering 
increases  brought  about  by  actinic  light  were  approximately  the 
same  whether  lIHi^'*'  was  present  or  not;  with  lipoic  acid,  the  scat- 
tering increases  in  the  presence  of  ammonia  were  hOf^o   of  those  in 
its  absence.  The  action  of  KHi^Cl  on  scattering  and  its  lack  of 
effect  on  nucleoside  triphosphatase  activity,  suggest  that  this 
substance  acts  at  different  site  in  the  dark  energy  transfer 
pathway  in  chloroplasts,  to  that  involved  in  nucleoside  triphos- 
phate hydrolysis. 

Since  these  results  suggested  an  involvement  of  light 
actiA'D.ted  nucleoside  triphosphatase  activity  in  the  control  of 
scattering  changes  geared  to  photosynthetic  electron  transport, 
the  action  of  ATP  and  the  requirement  for  actinic  liglit  were 
therefore  further  examined.  Recently  (l8,20)  it  was  discovered 
that  the  actinic  liglit  requirement  for  the  light  activated  nucleo- 
side triphosphatase  is  indirect;  the  optimum  conditions  for  stimu- 
lating this  activity  were  found  to  be  a  brief  period  of  pre-illu- 
mination  in  the  -presence  of  a  thiol  compound,  a  redox  factor  such 


592 


Lester  Packer 


as  PMS  and  Mg"^  ("^1/2  ^°^  activation  =  70  sees).   In  view  of  this 
it  was  of  interest  to  examine  the  action  of  ATP  on  chloroplast 
structure  in  the  dark,  following  hrief  periods  of  pre- illumination. 
As  sho-vm  in  figure  ^1-,  pre- illumination  of  chloroplasts  in  the 
presence  of  the  complete  system  with  ATP,  even  after  extremely 
short  light  intervals,  resulted  in  a  pronounced  effect  of  ATP  on 
chloroplast  structure  in  the  dark.  Eventually,  after  60  sees  pre- 
illumination,  the  light- scattering  first  decreases,  and  then  in- 
creases in  the  dark;  thus  arriving  finally  at  the  condition  ob- 
served after  the  more  prolonged  5  min  illvimination  (cf.  figure  3) - 

To  define  more  precisely  the  action  of  ATP,  an  experimental 
design  was  developed  to  permit  the  simultaneous  measurement  of  its 
hydrolysis  measured  by  pH  change  with  light- scattering.   Control 
experiments  showed  a  linear  relationship  between  the  extent  of  pH 
decline  and  ATP  expenditui'e.   Calcul.ations  of  the  rate  of  ATP 
hydrolysis  made  by  the  pH  method  closely  corresponded  with  chemi- 
cal analysis.   In  view  of  this,  it  was  possible  to  follow  the  time 
course  of  ATP  hydrolysis  with  light- scattering  changes.  Figure  5 
shows  the  typicaj.  light- scattering  responses  under  conditions  of 
ATP  hydrolysis.  The  pH  trace  indicates  the  requirement  for  pre- 
illuiTiination  for  activation  of  ATP  hydrolysis.  After  removal  of 
actinic  light,  hydrolysis  of  ATP  proceeds  in  a  linear  fashion  and 
an  incomplete  reversal  of  the  scattering  response  characteristic 
of  these  conditions  is  observed.   Upon  exhaustion  of  ATP  in  the 
dark  as  indicated  by  the  cessation  of  the  pH  change,  a  complete 
reversal  of  the  scattering  level  to  the  original  dark  level  is 
observed.  This  experimeiit  provides  proof  that  ATP  and  its  hydro- 
lysis are  responsible  for  maintenance  of  the  steady  state  level  of 
scattering  change  observed  in  the  dark. 

It  was  therefore  of  interest  to  ascertain  the  action  of  ATP  on 
the  steady  state  of  scattering  under  conditions  favorable  for  both 
synthesis  and  hydrolysis.  This  was  tested  under  conditions  of 
continuous  Illumination  and  it  was  found  that  the  scattering 
change  was  U8fj  above  the  dark  control.  Upon  exhaustion  of  ATP  in 
the  lig).it,  a  decline  of  the  steady  state  of  light  scattering 
change  to  '^Q'fo   could  be  observed. 

In  view  of  the  close  correlation  of  the  action  of  ATP  and  its 
hydrolysis  to  conditions  necessary  for  generating  scattering 
changes  in  chloroplasts,  it  seemed  possible  that  the  action  of  ATP 
might  be  associated  with  the  presence  of  some  contractile  princi- 
ple. Accordingly,  chloroplasts  were  extracted  under  the  same 
conditions  employed  for  the  extraction  of  actomyosin  from  mamma- 
lian muscle.  A  protein  fraction  could  be  extracted  from  chloro- 
plast membranes  which  hydrolysed  ATP  and  ITP.   The  fraction  also 
showed  decreases  in  light- scattering  on  addition  of  these  nucleo- 
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tides.   Parallel  studies  on  the  viscosity  of  the  protein  extract 
made  in  the  presence  and  ahsence  of  the  nucleotides  did  not  show 
a  decrease  in  viscosity  with  added  nucleotides,  which  would  te 
expected  if  this  preparation  behaved  like  the  contractile  proteins 
of  manms.lian  muscle  and  mitochondria.  Also  the  substrate  specifi- 
city of  the  chloroplast  protein  extract  \ms   examined;  hydrolysis 
of  ATP,ITP,  ADP,  pp.  and  p-nitrophenyl  phosphate  occurred  indica- 
ting a  rather  non-specific  phosphatase  activity.  These  results 
differ  from  those  for  light  activated  ATPase  in  whole  chloroplasts 
(18),  which  are  unable  to  hydrolyze  phosphate  compounds  other  than 
nucleoside  triphosphates.   Either  the  exti-acted  protein  fraction 
represents  a  different  nucleoside  triphosphatase  or  non-specific 
phosphatase,  or  alternatively  extraction  of  this  material  from  the 
chloroplasts  leads  to  a  change  in  its  properties.  In  view  of 
these  differences,  it  is  difficult  to  decide  on  the  precise  rela- 
tionship of  this  extracted  material  to  the  action  of  ATP  and  ITP 
in  chloroplasts  without  further  study. 

DISCUSSION  AND   CONCLUSIONS 
The  findings  presented  here  demonstrate  that  ATP  exert  a  defi- 
nite effect  on  the  scattering  responses  of  chloroplasts  which  is 
related  to  its  light  activated  hydrolysis.  It  is  also  demonstra- 
ted that  the  conditions  required  for  photophosphorylation  are 
capable  of  promoting  scattering  changes  in  chloroplasts  in  res- 
ponse to  actinic  light.  Thus  two  possible  routes  may  exist  for 
these  effects  in  chloroplasts.  Referring  to  the  diagram  illus- 
trated in  figure  6,  the  present  results  may  be  explained  by 
analogy  with  the  energy  transfer  pathway  by  mitochondria  in  the 
folloid.ng  fashion.  The  photosynthetic  electron  transfer  pathvray 
would  lead  to  the  production  of  a  series  of  intermediates,  the 
earlier  non-phosphorylated  intermediates  eventually  becoming 
phosphorylated,  and  by  interaction  with  ADP  leading  to  the  synthe- 
sis of  ATP.   In  view  of  the  results  with  light  activated  ATP 
hydrolysis,  including  the  action  of  reactants  such  as  ADP  and 
ammonia,  the  site  in  the  dark  energy  transfer  pathway  most  closely 
associated  with  scattering  changes  may  well  be  located  in  the 
region  of  the  non-phosphorylated  intermediates,  before  the  termi- 
nal stages  where  ATP  synthesis  and  hydrolysis  would  take  place. 
The  marked  inhibitory  effect  of  ammonia  on  scattering  responses 
but  not  on  ATP  hydrolysis  after  it  has  been  light-activated 
supports  the  notion  that  this  region  of  the  energy  transfer  path- 
way, close  to  the  electron  transport  system,  is  involved  with  the 
scattering  changes  and  that  this  is  the  region  which  is  affected 
by  ammonium  ions. 

Should  this  analogy  between  similarity  in  the  dark  energy 
transfer  reactions  in  mitochondria  and  chloroplasts  be  further 
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substantiated,  it  may  be  that  alternate  routes  of  energy  transduc- 
tion are  possible.   Thus  intermediates  in  the  dark  energy  transfer 
pathvay  may  be  generated  either  by  photophosphory.lation  or  rever- 
sal of  the  terminal  steps  by  ATP.   Both  of  these  conditions  lead 
to  favorable  circumstances  for  scattering  changes  in  both  mito- 
chondria and  chloroplasts.   Since  these  conditions  also  lead  to 
specific  cation  accumulation  mechanisms  in  mitochondria,  it  seems 
possible  that  an  ion  accumulation  mechanism  driven  by  these  reac- 
tions may  also  exist  in  photosynthetic  membrane  systems.   This 
hypothesis,  if  established,  may  warrant  some  evaluation  in  terms 
of  the  quantum  efficiency  of  the  photosynthetic  energy  conversion 
process. 

Finally,  no  conclusion  can,  at  present  be  made,  concerning  the 
exact  correspondence  of  light- scattering  changes  under  the  condi- 
tions described  here  with  changes  in  chloroplast  structure.  How- 
ever some  correlation  betireen  scattering  responses  and  structural 
changes  are  supported  by  the  very  interesting  observation  made 
independently  by  Itoh,  Izawa  and  Shibata  (l2)  involving  entirely 
different  techniques.   The  observation  of  Itoh  et  £l.  (l2)  are 
also  substantiated  by  recent  studies  made  in  our  o^-m  laboratory 
by  m.eans  of  rapid  time  recoraings  of  viscosity  changes  in  chloro- 
plast suspensions  observed  with  a  rotating  viscometer  (2l).   The 
nature  of  the  physical  change  of  which  scatter5.ng  and  viscosity 
changes  may  be  a  measure  are  currently  under  active  investigation. 

This  research  was  supported  by  the  National  Science  Foundation. 
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Figure  1.  Action  of  phosphate  on  scattering  changes 
induced  by  red  light  in  spinach  chloroplasts.  The 
reaction  system  contained  Tris  (0.02  M,  pH  8.0), 
NaCl  (0.035  M),  MgClg  (0.005  M),  ADP  (O.OOl  M),  as- 
corbate  (O.OOl  M),  phenazine  methosulfate  (20  I-M), 
and  chloroplasts  (5  Mg/ml  chlorophyll).  Temperature 
was  accurately  controlled  during  periods  of  illumi- 
nation at  25^  ±  0.1°C,  by  circulating  liquid  around 
the  jacketed  cuvette  in  the  light- scattering  photo- 
meter. Scattered  liglat  vas  filtered  at  5^  MJ-   to 
prevent  interference  by  actinic  red  light. 
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Figure  2.  Restoration  of  reversible  scattering 
changes  in  aged  chloroplasts  "by  ATP. 
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Figure  3-      Incomplete  reversal  of  chloroplast  scat- 
tering under  conditions  of  ATP  hydrolysis.   Conditions 
as  in  figure  1  plus  cysteine  (0.08  M),  and  ATP  (2  iM) . 
ADP  (2  i*l)  in  one  experiment  and  KH^Cl  (2  ml.l)  in  the 
other  were  added  as  shovm. 
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Figiure  U.  Role  of  pre- illumination  time  on  dark  action 
of  ATP  on  chloroplast  structure.   Conditions  for  scat- 
tering experiments  as  in  figure  5«  To  start  the  ex- 
periment 1  iriM  ATP  vas  added  in  the  dark,  and  60  seconds 
afterwards  actinic  light  was  tiorned  on  for  the  times 
indicated  on  the  curves. 
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Figiore  5«     Time  course  of  ATP  hyidrolysis  and  scat- 
tering changes  in  chloroplasts . 
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Figure  6.   Hypothetical  scheme  for  dark  energy-trans- 
fer reactions  in  chloroplasts. 


STUDIES  ON  THE  MECHANISM  OF  PHOTOPHOSPHORYLATION 
A.  T.  Jagendorf  and  Geoffrey  Hind 


Our  search  for  insight  into  the  mechanism  of  ATP 
formation  by  chloroplasts  has  been  based,  in  the  recent 
past,  on  a  two  stage  technique.   The  principle  is  to 
illuminate  chloroplasts  together  with  some,  but  not  all, 
the  components  necessary  for  phosphorylation  of  ADP; 
then  turn  off  the  light  and  add  the  missing  compounds. 
Such  a  procedure  should  be  capable  of  providing 
information  on  the  existence  and  survival  time  of 
intermediates  between  the  initial  light  absorption, 
and  the  final  pyrophosphate  bond. 

The  first  attempts  with  this  approach  were 
interpreted  as  showing  the  existence  of  a  high  energy 
phosphorylated  intermediate  (l).   Results  with  improved 
techniques  (cutting  the  time  interval  between 
illumination  and  dark  additions  to  a  fraction  of  a 
second,  by  illuminating  in  a  syringe,  and  injecting 
directly  into  a  completely  dark  test  tube)  now  lead  us 
to  believe  that  the  earlier  interpretation  was  probably 
not  correct.   The  earlier  results  may  be  explained 
instead  by  something  unsuspected  at  that  time:  the 
existence  of  a  light-induced  transient  ATPase  which  is 
strongly  inhibited  by  ADP  at  concentrations  as  low  as 
20  uM.   This  phenomenon  is  distinct  from  the  two 
reported  ATPases  (^,5,6)  in  certain  of  its  requirements 
and  should  be  helpful  in  the  elucidation  of 
photophosphorylation  from  the  reverse  direction. 

The  more  rapid  injection  technique  has  shown  that 
a  non-phosphorylated  intermediate  (or  intermediate  state) 
of  the  chloroplasts  does  exist,  and  in  major  amounts 
under  the  proper  circumstances.   Although  it  has  not 
been  identified,  we  have  found  a  correlation  of  the 
high  energy  state  of  the  chloroplasts  with  both  a  very 
major  pH  change,  and  with  a  non-specific  alteration  in 
the  optical  density,  probably  representing  a  change  in 
chloroplast  geometry. 

Light  activated  ATP  breakdown. 

Table  1  shows  the  fate  of  the  charcoal  adsorbable 
counts  formed  by  illuminating  chloroplasts  with  P   ,  and 
no  added  ADP.   Two  features  -  the  loss  of  counts  in  the 
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dark  and  the  partial  stabilization  by  ADP  made  us  hope 
at  first  that  we  were  observing  a  phosphorylated 
intermediate.   However  our  efforts  at  identification 
by  chromatography,  luciferase  assay,  etc.  showed  the 
counts  to  be  in  free  ATP32  _  presumably  arising  from 
endogenous  ADP.   This  ATP^^  is  split  by  the  ATPase 
unless  either  TCA  or  a  sufficiently  inhibitory 
concentration  of  ADP  is  added. 

32 
Table  1.         Breakdown  of  newly  formed  ATP 

ADP  in  ATP^  Recovered  After 

dark Dark  Incubation  (seconds) 

0       2       17       32       180 

—       3.38*   2.it5     1.64     1.43      .85 

+        —     2.45     1.94     1.85     1.53 


*mumoles  P32/mg  chlorophyll,  adsorbed  to  charcoal.   All 
samples  exposed  to  light  in  a  syringe,  for  30  seconds 
at  22  C  and  pH  8.   Light  stage  contained  once  washed 
chloroplasts  with  250  ugm  of  chlorophyll,  Pyo.   .05  mM, 
MgCl2  5  mM,  NaCl  10  mM,  NaH2P04  labeled  with  P-32  0.33  mM, 
and  Tris  buffer  17.5  mM;  total  vol.  1.0  ml.   After 
illumination  the  samples  were  kept  in  the  dark  for  the 
times  indicated,  prior  to  adding  to  .20  ml  of  20% 
trichloroacetic  acid  for  killing.   Injection  into  ADP 
in  all  cases  was  done  after  2  seconds  dark  in  order  to 
allow  for  decay  of  X  .   (ADP,  0.5  mM). 


e 


These  experiments  cast  doubt  on  the  conclusions  of 
Kahn  and  Jagendorf  (l).   In  the  first  place,  internal 
ADP  was  supposed  to  have  been  removed  in  the  earlier 
work  by  conversion  to  cold  ATP  in  a  preillumination 
period.   Table  I  shows  that  any  such  transition  would 
have  been  less  than  permanent,  so  ADP  probably  was 
present.   Secondly,  the  earlier  technique  involved 
handling  eight  samples  at  a  time,  with  a  consequent  lack 
of  precise  control  over  the  time  of  addition  of  various 
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reagents.   As  a  matter  of  fact,  TCA-only  addition  was 
generally  made  several  seconds  later  than  ADP  addition. 
The  shifting  control  values  in  Table  I  show  that  such 
a  procedure  is  dangerous.   ADP  can  lead  to  recovery  of 
more  ATP^^  because  it  stabilizes  some  of  the  light 
product,  rather  than  because  it  leads  to  the  formation 
of  new  ATP32  i^  a  dark  reaction.   Finally,  if  ADP  is 
added  soon  enough  it  can  also  pick  up  the  last  remnants 
of  the  non-phosphorylated  intermediate.   Although  a  high 
energy  phosphorylated  intermediate  may  truly  exist,  the 
previous  experiments  can  not  be  considered  to  have 
demonstrated  it  critically.   More  powerful  and  direct 
techniques  -  perhaps  those  of  Hinkson  and  Boyer  (7)  will 
be  needed  for  a  more  definitive  demonstration. 

The  ATPase  that  forms  in  the  light,  in  our  case, 
has  been  shown  to  be  particulate  and  transient  (manuscript 
in  preparation).   Trace  amounts  of  ATP32^  whether 
formed  in  the  light  or  added  later,  can  be  broken  down 
by  properly  activated  chloroplasts.   Activation  consists 
of  incubation  in  the  light  with  a  trace  of  ADP,  and 
pyocyanine.   Interestingly,  the  time  course  for 
activation  appears  to  be  identical  with  that  for 
phosphorylation  if  some  phosphate  is  present  as  well  as 
ADP,   (See  Figure  l). 
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Figure  1.    Time  courses  relevant  to  light  induced 
ATP-ase. 

• •  Dark  hydrolysis  of  ATP  formed  by  two 

minutes'  illumination  of  chloroplasts  with  labeled 
phosphate  (70  mumoles),  MgCl2  (l  mM)  and  AD? 

(7,5  mumoles).      ^ A    Light  activation  of  ATP-ase. 

Chloroplasts  illuminated  for  duration  shown  with  cold 
phosphate,  magnesium  and  ADP  (^,0  mumoles);  then 
immediately  incubated  with  labeled  ATP  (3.5  mumoles)  for 

two  minutes  in  darkness.      O O  Phosphorylation 

of  ADP  accompanying  light  activation.   Chloroplasts 
illuminated  for  times  shown  with  labeled  phosphate, 
magnesium  and  ADP  (7.5  mumoles);  then  injected  into  TCA. 
Chlorophyll  250  ug.   Pyocyanine  50  uM.   Volume  1  ml. 
pH  8.0  and  5°C. 


The  ATP  breakdown  that  we  see  differs  from  that 
observed  by  Avron  (5)  in  that  Ca  ions  added  in  either 
the  light  or  the  dark  stage  inhibit  the  present 
activity.   It  differs  from  the  ATPase  observed  first  by 
Petrack  and  Lipmann  (4,6)  in  that  high  concentrations 
of  -SH  compounds  are  not  added  to  accomplish  the  light 
activation.   It  may  differ  from  both  of  them  in  greater 
sensitivity  to  inhibition  by  adenylates.   Our  feeling  is 
that  the  low  ADP  concentrations  used  in  these  experiments 
(ca.  5  uM)  seems  closer  to  physiological  than  in  the 
more  usual  ATPase  or  photophosphorylation  experiments. 

Non-phosphorylated  intermediate.    The  very  first 
experiments  using  chloroplasts  illuminated  in  a  syringe 
produced  the  startling  discovery  that  the  complete 
phosphorylation  reaction,  from  added  ADP,  phosphate  and 
magnesium,  could  occur  in  the  dark.   (This  result  showed 
up  in  a  control,  included  as  a  gesture  in  the  direction 
of  symmetry  and  completeness,  rather  than  by  forethought). 
Clearly  in  the  light  an  intermediate  was  being  formed, 
having  very  great  lability  during  the  subsequent  dark 
period.   Its  dark  decay  proceeded  with  a  half-life  of 
0.5  seconds  at  pH  8  and  room  temperature,  or  about 
2  seconds  at  3°C  (2).   We  have  designated  this 
intermediate  as  X  ,  and  define  it  by  the  ability  to  make 
ATP52  in  the  darkt  from  added  P^^  ^nd  ADP.   Very  similar 
results  were  reported  independently  by  Shen  and  Shen 
(8). 
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In  this  two  stage  procedure  we  are  able  to  discover 
the  effects  of  varying  conditions  on  each  stage 
separately.   One  of  the  most  rewarding  variables  was 
that  of  pH  (2),  since  it  turned  out  that  much  higher 
yields  were  obtained  on  lowering  the  light  stage  alone 
to  pH  6.   The  major  effect  appeared  to  be  slowing  down 
the  dark  decay  time,  to  as  much  as  30  seconds  with 
pyocyanine,  or  l80  seconds  without,   ADP,  phosphate  and 
magnesium,  and  the  pH  8  optimum,  were  found  to  be 
conditions  of  the  dark  phosphorylation  steps.   As  would 
be  expected,  calcium  (antagonistic  with  magnesium)  and 
arsenate  (competitive  with  phosphate)  inhibit  if  added 
to  the  dark  stage  alone.   Trichlorophenol  indophenol  dye, 
recently  shown  to  be  an  uncoupler  of  phosphorylation 
(9,10,11),  also  inhibits  if  added  only  to  the  dark  stage. 
On  the  other  hand  CMU,  or  uncoupling  by  removal  of 
cations  (12),  are  effective  on  the  kinetics  of  the  light 
reaction. 

An  important  point  is  that  if  redox  cofactors  are 
to  have  an  effect,  they  must  be  present  in  the  light 
stage.   Thus  X  must  be  some  entity  formed  subsequent  to, 
rather  than  before,  electron  flow  reactions  mediated  by 
the  redox  dyes.   In  addition,  we  have  ruled  out  X  as 
being  a  form  of  pyocyanine  itself  (2), 

The  formation,  equilibrium  level,  and  dark  decay 
rate  of  X  are  all  affected  by  the  nature  of  the  redox 
cof actor  added  (3)«   Figure  2  shows  some  kinetic  curves 
for  X   in  light  and  subsequent  darkness.   The  most  rapid 
rate  of  formation,  the  highest  equilibrium  level,  and 
(to  a  lesser  degree)  the  fastest  decay,  are  induced  by 
pyocyanine.   This  correlates  well  with  the  position  of 
pyocyanine  in  supporting  the  fastest  rates  of  one-step 
phosphorylation.   Ferricyanide  in  some  experiments,  but 
not  in  others,  also  provides  the  high  equilibrium  level 
of  X  .   Other  cofactors,  including  FMN,  methyl  viologen, 
PPNR^or  PPNR  plus  TPN,  usually  increase  the  rate  of 
formation  of  X  ,  but  do  not  lead  to  equilibrium  levels 
as  high  as  that  seen  with  pyocyanine.   Most  striking, 
at  pH  6  the  lower  yield  of  X   can  be  achieved  entirely 
without  added  cofactors.   The  rate  of  formation,  however, 
is  quite  slow,  as  much  as  5  minutes  being  required  to 
reach  the  equilibrium  point.   It  is  interesting  that  the 
steady  state  level  with  pyocyanine  is  generally  twice  as 
high  as  that  found  with  cofactorless,  or  with  other 
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cofactors.   Although  we  are  occasionally  tempted  to 
speculate  from  this  on  the  existence  of  two 
phosphorylation  sites  with  pyocyanine  and  only  one  with 
FMN,  etc«,  in  the  absence  of  further  evidence  this 
conclusion  is  questionable. 


30 


60  90  120  150  180 

SECONDS 


Figure  2,    formation  and  decay  of  X  with  various 
cofactors. 

Solid  lines:     ATP  recovered  as  function  of 
illumination  time  at  pH  6  and  5  C,  in  white  light  of 
8600  ft.  candles.   Dashed  lines:   ATP  recovery  after 
turning  off  light  at  arrow  and  giving  increasing  dark 
interval  before  injection  into  phosphorylating  reagents 
at  pH  8.0,   Ferricyanide  3*0   mM.   Pyocyanine  and  methyl 
viologen,  50  uM. 


Both  the  formation  of  X   in  the  light ,  and  its 
decay  in  the  dark  show  apparent  first  order  reaction 
kinetics.   The  meaning  of  the  formation  rate  constants 
seems  ambiguous,  due  to  lack  of  information  as  to  the 
existence  of  simultaneous  decay  processes,  or  of  the 
total  concentration  of  the  reacting  species.   The  kinetic 
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curves  show  directly  and  accurately,  however,  the  rate 
law  for  the  dark  decay  reaction,  and  the  steady  state 
level  of  X  ,   The  amount  of  X  has  interest  in  our 
attempts  to  speculate  on  its  nature.   With  pyocyanine, 
at  pH  6,  equilibrium  levels  have  been  reported  as  high 
as  60  mumoles  per  mg  chlorophyll  (2),   On  increasing  the 
phosphate  level,  to  10  mM,  yields  as  high  as  II6  umoles 
per  mg  chlorophyll  have  recently  been  obtained;  and 
extrapolation  of  a  double  reciprocal  plot  showed  a 
maximum  yield  of  120  umoles/mg  chlorophyll  at  infinite 
phosphate  concentration.   This  is  a  ratio  of  1  ATP 
formed  for  every  9  chlorophyll  molecules.   Obviously  X 
cannot  be  a  complex  of  an  electron  carrier  such  as 
cytochrome  f,  with  a  coupling  factor,  as  is  the  case  for 
one  or  more  of  the  mitochondrial  high  energy  intermediates 
(10).   X  might  involve  plastoquinone  A,  however. 

Correlation  with  absorbancy  and  pH  changes. 

With  such  a  major  entity  any  change  in  absorption 
spectrum  due  to  the  transition  to  the  energetic  state 
should  be  simple  to  observe  spectrophotometrically.   With 
the  kind  cooperation  of  Drs.  Britton  Chance  and  Walter 
Bonner  we  have  attempted  to  look  for  such  changes.   Our 
criteria  for  a  preliminary  correlation  with  the  non- 
phosphorylated  intermediate  included  dependence  on  pH  6, 
and  more  rapid  kinetics  and  greater  amounts  with 
pyocyanine  than  without.   Essentially,  we  could  find  no 
specific  absorbancy  change  in  the  region  between  480  and 
590  mu  which  satisfied  the  above  criteria.   Also  at 
255  mu,  in  the  region  of  the  plastoquinone  absorption, 
we  found  only  a  minute  spectral  change,  not  dependent  on 
the  more  acid  pH.   Thus  we  are  tempted  to  consider  X 
as  being  related  only  indirectly  to  the  currently  known 
redox  catalysts  bound  in  the  chloroplast  membranes  (with 
the  reservation,  of  course,  that  negative  evidence  is 
never  as  conclusive  as  positive  evidence). 

However  we  did  observe  very  large  changes  in 
absorbancy  at  almost  all  wavelengths  examined,  amounting 
to  as  much  as  .05  OD  unit,  with  25  ugm  of  chlorophyll  in 
a  3  ml  cuvette.   These  changes  took  as  long  as  15  or  30 
seconds  to  saturate  when  pyocyanine  was  the  cofactor, 
and  2  to  3  minutes  without  a  cofactor.   Also,  they  were 
pH  6  dependent.   In  a  double  beam  spectrophotometer 
deflections  were  seen  even  comparing  one  wavelength 
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(5^0  mu)  with  itself,  so  light  scattering  artefacts 
were  implicated.   On  a  split  beam  instrument  it  was 
apparent  that  actinic  light  caused  an  increase  in  optical 
density  of  the  suspension.   -^'his  can  even  be  seen  in  a 
Carey  spectrophotometer;  representative  tracings  are 
shown  in  Fig,  3« 


LIGHT-INDUCED    OPTICAL  DENSITY   INCREASE 


pH6  -PYO 


pH6  +PYO 


3H8  +PYO 


Figure  3.    Optical  density  at  5^0  mu  as  a  function  of 
actinic  illumination  with  red  light  (660  mu  and  up). 
25  ugm  of  chlorophyll  in  a  total  volume  of  3  nil, 
containing  NaCl  10  mM,  3,3-diraethylglutaric  acid  and 
iris  at  20  mM,  pH  6.0  or  8.0  as  shown.   Pyocyanine  at 
.05  mM.   Temperature  approximately  5  C,  measurements  in 
Carey  model  1^  with  simultaneous  illumination  from  above, 
using  microscope  illumination  lamp  filtered  through 
Corning  heat  filter  and  Kodak  Wratten  Gelatin  filter 
no.  70, 


The  changes  is  very  non-specific  for  wavelength,  occurring 
from  the  ultraviolet  to  730  mu,  at  least.   In  addition 
the  extent  of  the  change  is  minimized  upon  using  opal 
glass  cuvettes,  and  maximized  by  using  additional  narrow 
slits  before  the  photomultiplier  (l4).   All  of  these 
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things  show  that  some  change  in  geometry  or  refractive 
index  is  occurring.   Since  preliminary  experiments 
using  a  Coulter  counter,  have  failed  to  show  any  change 
in  total  volume,  the  alteration  might  be  one  in  axial 
ratio  (15)  or  refractivity.   Since  the  conditions  are 
so  different,  it  is  difficult  to  say  yet  whether  these 
effects  are  similar  to  the  light  scattering  increments 
observed  by  Packer  (I6)  using  chloroplasts  in  a  complete 
phosphorylation  mixture. 


Our  final  observation  came  when  we  stopped  to  think 
about  a  rather  unusual  theory.   Peter  Mitchell  (l?)  has 
advanced  the  idea  that  electron  flow,  in  phosphorylating 
organelles  such  as  mitochondria  and  chloroplasts,  may 
lead  to  accumulation  of  hydrogen  ions  inside  the 
prerequisite  double  membranes.   Mitchell  calculates  that 
a  differential  of  3  pH  units  from  the  outside  to  the 
inside  has  enough  potential  energy  to  accomplish  the 
phosphorylation  of  ADP,  given  the  appropriate  enzymes. 
We  reasoned  that  if  this  potential  could  be  generated  in 
the  absence  of  phosphorylation  it  in  itself  might  account 
for  the  phenomena  we  have  labelled  "X  , "   Furthermore 
one  consequence  of  its  appearance  might  be  a  rise  in  pH 
of  the  medium  as  hydrogen  ions  are  taken  up,  or  hydroxyl 
ions  secreted,  by  the  particles.   -^igure  ^  shows  that 
when  we  looked  at  chloroplasts  in  an  unbuffered  medium 
brought  to  pH  6  we  did  indeed  see  the  predicted  change  in 
pH  of  the  medium, 

LIGHT-  INDUCED  pH  RISE 


pH  6.3 


pH  8.0 


0.5pH 


+  PYO 


-PYO 


NO 
CHLORO- 
PLASTS 


■-->^'~~v 

-nf.  T^;r^ 

r^-t^   1= 

—  - 

— ' 

— 

H 

— 

■^ 

A 

-1 

r 

ti 

— 

— 

608 


Jagendorf  and  Hind 

Figure  k,        pH  shift  induced  by  actinic  illumination. 
Chloroplasts  were  resuspended  in  .01  m  NaCl  and  washed 
once.   2  mg  of  chlorophyll  were  used  in  total  vol.  of 
10  ml,  of  10  mM  NaCl  in  a  water- jacketed  cell  at  0  C. 
Pyocyanine  .05  mM  when  used.   Note  the  electrode  response 
to  light,  opposite  in  direction  to  the  pH  shift  caused 
by  the  chloroplasts.   Reaction  mixture  was  at  pH  6.3* 
without  addition  of  buffer. 


This  rise  in  pH  in  the  light  is  readily  reversible  in 
the  dark;  is  much  greater  at  pH  6  than  at  pH  8  and  is 
both  larger  and  very  much  faster  when  pyocyanine  is 
present  than  when  it  is  absent.   Thus  far  it  correlates 
quite  well  with  both  the  kinetics  of  the  intermediate 
X  ,  and  the  non-specific  changes  in  optical  density. 

By  using  a  pH-stat  to  titrate  the  chloroplasts  with 
acid,  the  proton  uptake  (or  hydroxyl  excretion)  can  be 
quantitated.   The  amount  of  acid  was  found  to  be  a 
linear  function  of  the  amount  of  chlorophyll  present, 
and  a  catalytic  function  of  the  pyocyanine  added.   The 
actual  numbers  have  gone  as  high  as  700  muequivalents 
of  HVmg  chlorophyll,  or  quite  a  bit  in  excess  of  what 
one  would  expect  for  stoichiometry  with  X   (maximal 
yield  120  umoles/mg  chlorophyll).   As  a  matter  of  fact, 
the  H  consumed  is  practically  equal  to  the  total 
chlorophyll  a  present.   This  much  of  a  proton  shift  is 
probably  consistent  with  the  Mitchell  hypothesis  as  to 
the  role  of  proton  transport  in  the  phosphorylation 
mechanism.   The  trouble  is,  of  course,  that  a  pH  shift 
is  highly  non-specific.   It  could  accompany  either  ion 
transport  into  or  out  of  an  internal  reservoir,  or  an 
actual  chemical  change.   Even  if  it  represents  ion 
movement,  the  ion  transport  need  not  be  the  cause  of  the 
energetic  state  of  the  chloroplasts.   As  in  mitochondria 
(18-21)  it  might  easily  be  a  reaction  made  possible  by 
the  consumption  of  a  small  part  of  the  energetic 
intermediate.   A  pH  shift  also  accompanies  innumerable 
chemical  changes.   It  seems  suggestive,  for  instance, 
that  transformation  of  bound  histidine  to  its  high 
energy  state  as  proposed  recently  by  Boyer  (.22)    involves 
production  of  hydroxyl  ions. 

Our  current  uncertainties  include  the  question  of 
the  real  function  of  X  .   We  have  no  way  of  deciding 
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yet  whether  it  is  an  obligate  intermediate  in  the  usual 
process  of  ATP  formation,  or  some  side  pool  of  extra 
energy.   If  the  latter  were  the  case  (and  this  is 
suggested  but  not  proven  by  the  large  amount  and  rather 
slow  rate  of  formation)  perhaps  its  true  significance 
lies  in  ion  transport,  or  reverse  electron  flow,  or  even 
more  directly  in  CO.  fixation  itself.   Indeed,  perhaps 
it  is  a  reservoir  or  energy  that  can  be  used  in  any  of 
several  different  ways  depending  on  the  circumstances. 
In  the  larger  view  of  photosynthesis,  an  energy  reservoir 
of  major  proportions  in  which  each  unit  is  of  the  order 
of  9,000  calories  per  mole  could  be  a  method  of 
achieving  a  more  flexible  use  of  the  total  energy  of 
45,000  calories  available  from  each  light  quantum. 

No  matter  what  the  precise  relations  are  between 
phosphorylation  and  our  three  phenomena,  it  seems  fairly 
safe  to  guess  even  now  that  the  ion  transport  and 
structural  changes  in  the  chloroplast  membranes  are 
likely  to  be  intimately  linked  to  the  existence  and 
function  of  high  energy  intermediates,  either  on  the 
pathway  of  or  in  equilibrium  with  photophosphorylation. 
The  direction  of  our  future  research  must  be  towards 
finding  out  the  degree  of  intimacy  of  these  relationships, 
and  which  if  any  of  the  three  is  causal  for  the  others. 
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ON  THE  COUPLING  OF  PHOTOPHOSPHORYLATION  TO  ELECTRON  TRANSPORT 

Mordhay  Avron  and  Noun  Shavit 


Introduction 

The  large  increase  in  the  rote  of  electron  transport  brought  about  by  the  addition  of  the 
components  necessary  for  phosphorylation  was  first  demonstrated  in  1958  with  ferricyonide 
as  an  electron  acceptor(l/ 2).     |t  has  since  been  extended  to  include  the  other  common 
electron  acceptors  in  photophosphorylation,  NADP(3)  and  indophenol  dyes('^),  and  studied 
in  detailV^'    '    '.    A  similar  and  normally  somewhat  larger  increase  in  the  rate  of  electron 
flow  can  also  be  brought  about  by  uncoupling  the  chloroplosts  from  the  control  of  the 
accompanying  phosphorylation.    This  type  of  effect  results  in  a  concomitant  large  increase 
in  the  rate  of  electron  transport  and  large  decrease  in  the  rate  of  ATP  production.    The 
first  demonstration  of  uncoupling  in  chloroplosts  was  provided  by  Krogmann  and  Jagendorf\°'. 
Irreversibly  uncoupled  chloroplosts  were  obtained  by  diluting  chloroplosts  at  pH  6  in  the 
presence  of  a  high  concentration  of  salts.    The  first  demonstration  of  an  uncoupling  agent 
soon  followed  when  ammonium  salts  were  shown  to  reversibly  uncouple  photophosphorylation 
at  0  concentration  around  10""^  M  ^°),      Good  has  further  studied  the  phenomenon  and 
concluded  that  a  number  of  monofunctional  amines  and  several  anions  at  high  concentrations, 
con  act  as  uncouplers''^' "). 

Figure  1  illustrates  the  typical  response  of  the  reduction  of  ferricyonide  and  its  accom- 
panying phosphorylation  to  the  addition  of  the  components  necessary  for  phosphorylation. 


■5  ^   {NoM9.flOP.ro»l 


CH,   tIM)   Ct         Cor<er4fOI>oi 


Fig,  1.    Uncoupling  of  the  ferricyonide  system  by  methylammonium  chloride. 
Reaction  conditions    and  assays  as  previously  described'     '        '.    Light 
intensity,   160,000  lux;    reaction  time,  2  minutes;  gas  phase,  air;  tempera- 
ture, 20°C;   once  washed  chloroplosts  containing  10-20  micrograms  of  chlo- 
rophyll per  ml. 

or  of  on  uncoupler.     It  can  be  seen  that  the  addition  of  the  phosphorylation-components 
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approximat-ely  doubles  the  rate  of  ferricyanide  reduction.    A  further  addition  of  an  un- 
coupler  increases  the  rate  to  an  even  higher  value.    While  bringing  about  this  further  in- 
crease in  the  rate  of  electron  flow  the  rate  of  the  accompanying  phosphorylation  drops  to 
zero.    Thus,  the  P/2e"    ratio  of  about  1  obtained  in  the  absence  of  the  uncoupler  gradually 
decreases  to  zero  as  the  concentration  of  the  uncoupler  is  Increased.    The  low  rate  of  ferri- 
cyanide reduction,  obtained  In  the  absence  of  the  phosphorylatlon-components  is  increased 
by  the  uncoupler  to  the  same  maximal  rate  obtained  in  the  system  containing  the  phospho- 
rylatlon-components.   This  results  in  a  tripling  cf  the  rate  of  electron  flow.     Increasing  the 
concentration  of  the  uncoupler  beyond  that  required  for  maximal  rate  results  in  a  sharp 
decrease  of  the  rate  of  reduction. 

Potent  new  uncouplers  of  photophosphorylation 

Until  recently  ammonium  salts  were  the  most  potent  uncouplers  of  photophosphorylation 
known.    Attempts  to    find  uncoupling  activity  in  the  chloroplast  system  with  the  commom 
potent  uncouplers  of  oxidative  phosphorylation  have  resultedin  failure.    Thus,  dinitrophenoP  ' 
pentachlorophenol(°),  and  valinomycInC^)^  have  no  effect  at  the  concentration  in  which 
they  completely  uncouple  oxidative  phosphorylation. 


Recently  several  more  potent  and  unrelated  uncouplers  of  photophosphorylation  have 
been  discovered.    Figure  2  describes  the  uncoupling  effects  of  atebrin  (quinacrlne,  atabrine) 
and  carbonyl  cyanide  p-trifluoromethoxyphenylhydrazone  (P-CF3O-CCP).    Atebrin  is 
a  rather  poor  uncoupler  of  oxidative  phosphorylation(13),     ||  ^/qs  reported  by  Baltscheffskyv''*^ 
to  Inhibit  photophosphorylation  between  10~5  -  10"^  M.       Also,  ArnonC^)  mentioned  that 
atebrin  is  an  uncoupler  of  photophosphorylation.As  seen  in  Fig.  2  atebrin  acted  as  a  classical 
uncoupler.    50%  inhibition  of  photophosphorylation  was  attained  at  about  1x1 0"-*  M. 
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Fig.  2.    Uncoupling  of  the  ferricyanide  system  by  atebrin  or  carbonyl 
cyanide  p-trlfluoromethoxyphenylhydrazene  (p-CFsO-CCP). 
Details  as  described  under  Fig.  1. 

Several  derivatives  of  carbonyl  cyanide  phenylhydrazone  were  shown  by  Heytler('°)  to  be 
potent  uncouplers  of  oxidative  phosphorylation  and  Inhibitors  of  photophosphorylation  with 
phenazine  methosulfate  as  cofactor.    Bamberger  et  al.v'7)  has  recently  demonstrated  their 
uncoupling  effect  on  photophosphorylation  coupled  to  NADP  reduction.    Fig.  2  illustrates 
the  uncoupling  effect  of  the  most  potent  of  the  derivatives  described  by  Heytler,  carbonyl 
cyanide  p-trlfluoromethoxyphenylhydrazone,  on  ferricyanide  reduction  and  the  accompa- 
nying phosphorylation.    50%  inhibition  of  photophoJphorylatlon  was  attained  at  about 
IxlO"^  M.    Thus,      P-CF3O-CCP  is  1-he  most  potent  uncoupler  of  photophosphorylation 
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described  to-date.    The  CCP  derivatives  are  also  the  only  group  which  uncouple  both 
oxidative  phosphorylation  and  photophosphorylation  at  similar  very  low  concentrations. 

Chlorpromazine  has  been  shown  by  Low('°)  to  inhibit  both  electron  flow  and  phosphory- 
lation in  oxidative  phosphorylation,  and  by  Wessels  and  Baltscheffsky  to  inhibit  photophos- 
phorylation(l '*).    Figure  3  shows  that  it  also  exhibited  all  the  usual  effects  of  an  uncoupler. 
Pretreating  chloroplasts  in  ethylenediaminetetraacetate  (EDTA)  in  the  absence  of  salts 
has  recently  been  found  in  our  laboratory  to  uncouple  them  (Fig.  3)  by  releasing  from  tbem 
o  coupling  factor(20)_      Under  appropriate  conditions  this  coupling  factor  can  be  recom- 
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Fig.  3.    Uncoupling  of  the  ferricyanide  system  by  chlorpromazine,  or  by 
pretreatment  of  the  chloroplasts  with  ethylenediaminetetraacetate  (EDTA)  . 
Details  as  in  Fig.  1;    pretreatment  in  EDTA  consisted  of  suspending  chloro- 
plast  fragments  for  the  time  indicated  in  IxlO""*  M  EDTA  follov/ed  by  on 
immediate  assay  in  the  various  photoreactions. 

bined  v/ith  the  uncoupled  chloroplasts  resulting  in  a  partial  restoration  of  coupled  phos- 
phorylation. 

Differential  effects  of  uncouplers  on  several  photoreactions 

One  unusual  property  of  some  of  the  uncoupling  agents  described  is  shown  in  Fig.  4. 
In  this  figure  v/e  compare  the  effect  of  three  uncouplers  on  two  types  of  photophosphory- 
lation:   that  dependent  upon  the  presence  of  phenazine  methosulfate  (RMS)  and  that 
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Fig.  4.    Differential  effect  of  several  uncouplers  on  phenazine  methosulfate 
(PMS)  and  ferricyanide  dependent  photophosphoryiations. 
Details  as  described  under  Fig.  1. 
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coupled  to  the  reduction  of  ferricyonlde.    It  Is  evident  that  whereas  atebrin  and  methyl- 
ammonium  chloride  Inhibited  both  types  of  phosphorylation  to  a  similar  degree,  P-CF3O-CCP 
was  a  much  more  potent  Inhibitor  of  the  phosphorylation  associated  with  ferricyonlde  reduc- 
tion than  of  that  dependent  upon  phenazine  methosulfate.    The  simplest  interpretation  of 
such  data  seems  to  us  to  invoke  two  different  sites  for  ATP  production.    One  associated  with 
the  phenazine  methosulfate  dependent  photophosphorylation,  and  another  associated  with 
that  coupled  to  ferricyonlde  reduction.    It  may  also  be  recalled  that  P-CF3O-CCP  has  been 
previously  noted  to  be  the  only  known  uncoupler  of  photophosphorylation  which  also  uncoup- 
les oxidative  phosphorylation  at  similar  concentrations.    It  Is  therefore  likely  that  it  acts 
at  a  site  which  differs  from  the  site  of  action  of  the  other  uncoupling  agents. 


To  substantiate  such  a  conclusion  It  was  thought  important  to  repeat  these  observations 
under  conditions  where  the  large  difference  in  rate  between  the  phenazine  methosulfate  and 
ferricyonlde  dependent  phosphorylations  was  not  so  apparent.    This  was  achieved  by  lowering 
the  light  intensity  until  It  became  the  limiting  factor  in  the  rate  of  photophosphorylation. 


THOSULFATE 
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Fig.  5.    The  effect  of  light  Intensity  on  the  rote  of  ferricyonlde  and  phenazine 
methosulfate  dependent  phosphorylations  and  their  inhibition  by  carbonyl 
cyanide  p-trifluoromethoxyphenylhydrazone  (p-CFsO-CCP). 
Details  as  described  under  Fig.  1. 

The  left  side  of  Fig.  5  illustrates  the  response  of  both  types  of  photophosphorylation  to 
different  light  Intensities.     It  is  evident  that  whereas  the  rate  of  phenazine  methosulfate 
dependent  phosphorylation  was  about  four  fold  higher  than  that  of  the  one  coupled  to  ferri- 
cyonlde reduction  at  160,000  lux,  the  two  rates  were  essentidl/ equal  at  4,000  lux.    The 
extent  of  inhibition  of  both  systems  by  P-CF3-O  -CCP   at  different  light  intensities  is  plotted 
on  the  right  side  of  Fig.  5.     It  is  evident  that  the  relative  inhibition  of  the  two  systems  does 
not  vary  significantly  as  one  lowers  the  light  intensity,  and  so  equalizes  the  rates  of  photo- 
phosphorylation In  the  two  systems.    This  strengthens  In  our  opinions,  the  suggetion  that 
two  different  sites  of  photophosphorylation  are  present  In  the  two  systems. 

The  relation  of  the  extent  of  uncoupling  and  inhibition  to  light  intensity 

A  curious,  and  as  yet  uninterpreted  phenomenon,  which  became  evident  as  these  studies 
progressed  was  the  much  stronger  inhibition  of  photophosphorylation  by  the  uncoupler  as  the 
light  intensity  was  lowered  (Fig.  5,  right).    Fig.  6  Illustrates  that  this  effect  was  found  not 
only  with  P-CF3O-CCP,  but  with  all  the  uncouplers  tried.     It  is  also  very  strongly  evident 
in  the  case  of  the  inhibition  by  3-(3,4,  dichlorophenyl)-!,  1, -dimethylurea  (DCMU).  The 
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I  atfer  observation  may  explain  some  of  the  variance  in  the  results  of  different  v/orkers,  using 
markedly  different  light  intensities,  as  to  the  inhibition  by  CMU  derivatives  on  different 
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Fig.  6.    The  effect  of  light  intensity  on  the  extent  of  inhibition  of  phenazine 
methosulfate  or  ferricyanide  dependent  photophosphorylations  by  several 
uncouplers  or  inhibitors. 
Details  as  described  under  Fig.  1. 

photoreactions  of  chloroplasts  (see  for  example,  reference  21).    The  only  exception  found 
was  the  inhibition  produced  by  2-nonyl-4-hydroxyquinoline  N-oxide  (NQNO),  which 
decreased,  rather  than  increased,  as  the  intensity  was  lowered.    This  is  the  only  basic 
difference  found  to-date  between  the  inhibitory  effect  of  this  compound  and  that  of  the 
CMU  derivatives  on  the  photoreactions  of  chloroplasts(22). 

The  dependence  of  the  rate  of  electron  transport  on  the  osmotic  concentration 

Another  effect  which  leads  to  a  large  variation  in  the  rate  of  electron  transport  in  the 
various  photoreactions  of  chloroplasts  was  recently  discovered  in  our  laboratory.    Figure  7 
describes  the  effect  of  lowering  the  salt  concentration  normally  used  in  the  reaction  mixture. 
It  is  evident  that  the  rate  of  electron  flow  in  all  of  the  photoreactions  illustrated  was  marke- 
dly decreased  as  the  salt  concentration  decreased.    This  effect  was  not  due  to  an  uncoupling, 
since  within  the  concentration  used,  the  salt  had  no  depressive  effect  on  photophosphory- 
lation.    Table  1  shows  that  this  was  a  general  osmotic  effect  with  NaCI,   KNO3,  or  sucrose 
having  a  similar  effect  at  the  same  osmotic  concentration.    Maximal  increase  in  rate  by 
about  twenty  fold  have  often  been  observed.    The  table  also  indicates  that  with  the  osmotic 
concentration  employed  by  most  workers,  only  a  slight  further  stimulation  of  rate  can  be 
achieved  by  an  additional  increase  in  the  osmotic  concentration. 

Figure  8  shows  that  the  extent  of  stimulation  in  the  rate  of  reduction  of  ferricyanide  is 
also  affected  by  the  osmotic  concentration  of  the  reaction  mixture.    Thus  whereas  at  low 
osmotic  concentration  approximately  a  five  fold  stimulation  was  produced  by  the  addition  of 
the  phosphorylation-components  or  of  an  unooupler,  less  than  two  fold  stimulation  was 
produced  at  higher  osmotic  concentration. 

The  osmotic  effect  described  is  reminiscent  of  the  earlier  observations  on  the  effect  of 
salts  on  the  rate  of  the  Hill  reaction  which  were  performed  in  attempt  to  prove  or  disprove 
the  function  of  chloride  ions  as  a  coenzyme  of  the  Hill  reaction(23/   24)_     ||  does  not  seem 
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Fig.  7.    The  effect  of  Increasing  salt  concentration  on  the  rate  of  several 

photoreductions. 

Details  as  described  under  Fig.  1,  except  that  the  reaction  mixture  contained 

only  13  jjmoles  of  sucrose  per  ml,  and  1  |jmoie  per  ml  of  TRIS-HCI  buffer  at 

pH  7.8.    The  pH  of  all  reaction  mixtures  was  checked  at  the  termination  of 

the  experiments,  and  was  found  to  be  between  7.5  -  7.8.    The  salt  employed 

was  either  TRIS-HCI  at  pH  7.8  or  NaCI. 

Fig.  8.    The  effect  of  salt  concentration  on  the  stimulation  of  the  rate  of 
electron  transport  produced  by  the  addition  of  phosphorylation-components 
or  an  uncoupler. 
Details  as  described  under  Fig.  7. 

to  be  related  to  the  uncoupling  effect  of  anions,  recently  described  by  Good        ,  since  the 
latter  effect  occurred  only  at  higher  concentrations  than  the  osmotic  effect  presently  des- 
cribed. 


Summary 

To  summarize,  we  have  indicated  several  properties  related  to  the  coupling  of  photophos- 
phorylation  to  electron  transport  in  isolated  chloroplasts  from  swiss-chard  leaves.  The  effect 
of  several  new  and  more  potent  uncouplers  was  described.    Their  differential  effect  on 
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Table  1 
The  effect  of  osmotic  concentration  on  the  rate  of  photoreduction  of 

ferri  cyanide 


Reaction  components 

Spec 

:ific  activity 
les  reduced/ 

Relative  activity 

pmoles/ml 

jjmo 

mg. 

chl./hour. 

TRIS  (1) 

12 

1 

TRIS  (1)+  NaCI  (20) 

166 

14 

TRIS  (1)+  NaCl  (40) 

206 

17 

TRIS  (1)+  NaCI  (67) 

??5 

19 

TRIS  (1)  +  Sucrose  (40) 

168 

14 

TRIS  (1)+  Sucrose  (80) 

199 

17 

1 

TRIS  (1)+  Sucrose  (13) 

58 

1 
5 

TRIS  (1)+  Sucrose  (13)  + 

NaCI  (20) 

182 

15 

TRIS  (1)+  Sucrose  (13)  + 

KNO3  (20) 

142 

12 

TRIS  (15) 

130 

n 

TRIS  (15)  +  Sucrose  (13) 

145 

12 

TRIS  (15)  +  Sucrose  (13) 

+  NaCI  (20) 

199 

17 

TRIS  (15)  + Sucrose  (13) 

+  NaCI  (67) 

236 

20 

Details  as  described  under  Fig,  1,  except  that  the  only  reaction  components 
present,  other  than  chloroplasts  are  indicated  in  the  table.    The  numbers  in 
parantheses  refer  to  concentration  in  ^moles  per  ml. 

several  photoreactions  of  chloroplasts  was  interpreted  as  pointing  to  two  separate  sites  of 
ATP  production  in  chloroplasts.    The  large  changes  in  the  extent  of  inhibition  of  several 
photoreactions  by  uncouplers  and  other  inhibitors  as  the  light  intensity  was  changed  was 
illustrated.    Finally,  an  osmotic  concentration  effect  was  described  which  largely  determines 
the  rate  of  electron  flow  in  several  photoreactions. 
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THE  STOICHIOMETRY  OF  PHOTOPHOSPHORYLATION 


Thomas  Punnett 


When  non-cyclic  photophosphorylation  was  first  described  by  Arnon  et  al  (1), 
the  ratio  of  ATP  formed  to  electrons  transported  was  found  to  be  one.  This 
determination  was  repeated  by  Avron  and  Jagendorf  (2),  by  Davenport  (3),  by 
Good  (4),  by  Stiller  and  Vennesland  (5),  by  Turner  et  al  (6)  and  others.   In 
all  cases,  the  ATP/2e-  ratio  has  been  the  same. 

There  is  some  ambiguity  in  this  determination,  however,  because  of  the 
nature  of  the  data  (2).   In  a  typical  experiment,  one  obtains  the  rate  of 
phosphorylation,  the  rate  of  oxidant  reduction  in  the  presence  of  phosphate 
acceptor  and  the  rate  of  reduction  in  the  absence  of  acceptor.   The  ATP/2e- 
ratio  can  be  calculated  either  by  dividing  the  rate  of  phosphorylation  by  the 
maximum  rate  of  reduction,  or  by  "correcting"  the  ADP-enhanced  reduction  rate 
for  the  reduction  occurring  in  the  absence  of  ADP  and  dividing  this  "corrected" 
value  into  the  rate  of  phosphorylation.   The  usual  effect  of  making  this 
correction  is  to  increase  the  ATP/2e-  ratio  from  one  to  two  or  three.   Arnon 
and  Avron  and  Jagendorf  elected  to  use  the  more  conservative  uncorrected  value 
of  one  while  Good  has  argued  in  favor  of  the  corrected  value  of  two.   Stiller 
and  Vennesland,  in  their  earlier  study  only, found  a  good  stoichiometric 
relation  but  concluded  that  this  relation  was  fortuitous  and  that  the  two 
processes  were  not  related  to  each  other  in  a  quantitative  manner.  We  have 
held  both  of  these  latter  two  views  at  various  stages  of  this  investigation. 

The  first  problem,  therefore,  was  that  of  the  treatment  of  the  date.   Our 
approach  to  this  problem  was  to  study  reaction  rates  as  a  function  of  several 
variables  to  see  whether  a  constant  stoichiometry  could  be  obtained .  The 
basic  assumption  was  that  if  phosphorylation  and  reduction  were  the  conse- 
quence of  a  single  process,  then  the  overall  rates  should  vary  with  pH, 
concentration  of  oxidant,  etc.,  but  the  stoichiometry  should  be  constant. 
Furthermore,  a  constant  stoichiometry  should  be  found  only  with  one  of  the 
two  methods  of  treating  the  data. 

FERRICYANIDE  PHOSPHORYLATION 

In  these  experiments,  done  with  the  collaboration  of  Dr.  Rajul  V.  Iyer,  we 
used  oat  chloroplasts  (Avena  sativa,  var .  Garry)  at  a  concentration  of  7  to 
20  microgramsj^er  ml.,  high  intensity  red  light  and  one  to  two  minute  reaction 
times.   In  the  determinations  of  pH  curves  for  the  ferricyanide  Hill  reaction, 
we  found  that  the  addition  of  ADP  had  no  effect  on  the  reduction  rates  between 
pH  6.8  and  7.5  although  there  was  an  appreciable  rate  of  phosphorylation. 
When  these  data  were  used  to  calculate  an  ATP/2e-  ratio,  the  "corrected"  ratio 
was  infinite.   It  decreased  to  2  only  when  the  pH  was  increased  to  7.9  and 
was  variable  with  further  increase  to  pH  8.7.  This  response,  and  that  des- 
cribed below  in  the  quinone  Hill  reaction,  lead  us  to  conclude  that  it  is 
improper  to  "correct"  the  reduction  rates. 
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If  this  conclusion  is  correct,  the  next  question  is  whether  one  obtains 
constant  stoichiometry  by  using  ATP/2e-  (total)  and  what  is  the  value  of  this 
ratio.   The  value  we  have  found,  0.70  to  0.85,  is  in  agreement  with  work 
published  earlier.   We  have  also  found  in  these  studies  that  the  uncorrected 
ATP/2e-  ratio  was  relatively  constant  over  a  wide  range  of  conditions.   In  the 
ferricyanide  Hill  reaction,  the  ratio  increased  slightly  from  pH  6.8  to  7.6 
and  was  constant  to  pH  8.7  (Fig.  1). 
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Fig.  1-  Reduction,  phosphorylation  and  ATP/2e-  ratio  accompanying 
the  ferricyanide  Hill  reaction. 

At  pH  8.0  the  ratio  was  constant  when  the  ferricyanide  concentration  was 
varied  from  20  ^M/L  to  2.2  mM/L.  (Fig.  2).  The  ratio  was  constant  over  a 
wide  range  of  light  intensities  (done  in  conjunction  with  Dr.  T.T.  Bannister), 
though  it  dropped  sharply  at  low  intensity  as  reported  by  Shen  and  Shen  (7), 
and  by  Turner  et  al  (6) . 
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Fig.  2-  ATP/2e-  ratio  as  a  function  of  the  ferricyanide  con- 
centration . 

P-QUINONE  PHOSPHORYLATION 

Another  finding  was  that  the  quinone  Hill  reaction  is  accompanied  by  a  non- 
cyclic  phosphorylation.   It  was  necessary  to  use  a  low  concentration  of 
oxidant  (0.11  mM/L  quinone)  as  was  the  case  in  Avron's  (8)  and  in  Kilter's  (9) 
studies  of  dye-induced  photophosphorylation.   One  unusual  feature  of  this 
reaction  was  that  the  rate  of  quinone  reduction  was  not  affected  by  the 
addition  of  ADP  at  any  pH.   In  this  case,  too,  the  "corrected"  ATP/2e-  ratios 
would  have  been  infinite.   The  ATP/2e-  (total)  varied  from  0.3  to  0.7  over  the 
pH  range  6.8  to  8.4,  with  the  maximum  ratio  occurring  at  pH  7.6  to  8.0.  (Fig. 
3).   This  ratio  was  neither  as  high  nor  as  constant  as  that  obtained  in  the 
ferricyanide  reaction,  probably  because  of  the  instability  of  p-quinone.   The 
quinone  ATP/2e-  ratio  was  fairly  constant  from  5  ^M/L  to  110  ^M/L,  while  at 
higher  concentrations  uncoupling  became  progressively  greater. 


With  both  the  quinone  and  ferricyanide  Hill  reactions,  care  must  be  taken 
to  add  C0„  to  the  reaction  mixture  if  the  oats  are  grown  during  the  winter. 
The  added  CO2  increased  the  reaction  rates  and  the  ATP/2e-  ratios  apparantly 
because  it  reacted  directly  with  the  phosphorylating  step. 
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Fig.  3-  Reduction,  phosphorylation  and  ATP/2e-  ratio  accompanying 
the  aerobic  p-quinone  Hill  reaction. 

OTHER  PHOSPHORYLATIONS 


Similar  stoichiometries  have  been  reported  by  Arnon  (1),  by  Avron  and 
Jagendorf  (2),  by  Davenport  (3)  and  by  Black  et  al  (10)  for  the  NADP  Hill 
reaction,  and  by  Avron  (8)  and  by  Kiester  (9)  for  the  DCPIP  Hill  reaction. 


CYCLIC  PHOSPHORYLATIONS 


In  the  case  of  the  different  cyclic  photophosphorylations ,  Yin  et  al  (11) 
have  reported  that  the  quantum  yields  for  cyclic  and  non-cyclic  ATP  production 
are  the  same.  George  Hoch  and  I  have  confirmed  these  results  on  the  relative 
quantum  yields  for  the  phosphorylations  induced  by  pyocyanine,  FMN,  menadione, 
NADP  and  ferricyanide  (Fig.  4).  The  simplest  interpretation  of  these  results 
is  that  the  same  number  of  phosphorylating  sites  is  functioning  in  cyclic  and 
non-cyclic  electron  transport. 
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In  summary,  the  accumulated  evidence  suppor 
phosphorylating  site  in  the  Hill  reaction  syst 
supported  by  these  data  is  that  the  practice  o 
for  the  "control"  rates  clearly  leads  to  value 
unacceptably  high.  It  may  be  proper  to  correc 
rate  found  in  the  absence  of  all  three  phospho 
P04=  rather  than  in  the  absence  of  ADP  (12) . 
much  smaller  and  would  probably  have  the  effec 
ratio  from  0.80  to  1.0.  In  either  case,  this 
limit . 
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Fig.  4-  Relative  rates  of  cyclic  and  non-cyclic  phosphorylation 
as  a  function  of  light  intensity. 

There  may  be  two  or  more  phosphorylating  sites  in  the  electron  transport 
system  of  the  chloroplast,  but  they  are  still  hypothetical  at  the  moment.   Up 
to  the  present  time,  the  experimental  evidence  given  in  support  of  the  two 
site  hypothesis  can  be  explained  in  other  ways.   If  a  second  phosphorylation 
site  exists  in  chloroplasts ,  a  different  kind  of  experiment  will  be  needed  to 
demonstrate  its  presence  convincingly. 
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STRUCTURE -FUNCTION  RELATIONSHIPS  IN  PROTEINS  AND 
THEIR  POSSIBLE  BEARING  ON  THE  PHOTOSYNTHETIC  PROCESS 

Rvifus  Lumry 

Structure -function  relationships  in  muscle  have  been  studied  for  many 
years.     Aside  from  these,    however,    such  relationships  of  biological  systenns 
at  the  single  molecule  level  have  aroused  little  interest  until  the  last  few 
years.     What  little  work  there  is  to  date  is  largely  confined  to  single  proteins 
and  has  attempted  to  explain  the  unusual  characteristics  of  the  unique  physio- 
logical reactions  of  these  proteins  in  ternas  of  conformational  factors.     A 
good  example  is  the  attempt  in  the  field  of  vision  to  show  that  light  produces 
a  conformation  change  in  rhodopsin  which  converts  it  from  a  noncatalytic  to  a 
catalytic  protein,    thus  to  produce  by  chemical  amplification  a  sufficient  ,^. 

change  in  chennical  composition  near  an  end  plate  to  initiate  neurone  function. 
In  organized  systems   such  as  the  mitochondrian  there  has  been  the  unexplained 
but  highly  dramatic  occurrence  of  a  swelling  and  shrinking  associated  with  the 
integrity  of  Ihe  oxidative  phosphorylation  system  and  the  rate  of  phosphoryla- 
tion itself.  ^    '     '     In  addition,    there  has  been  some  evidence  that  physical 
properties   such  as  strength  of  adherence  of  sub-proteins  in  the  mitochondrian 
depend  on  specific  binding  of  r^eagents  known  to  influence  in  a  marked  degree 
the  phosphorylation  arocess.  ^    '    According  to  a  recent  report  of  Weinbach, 
Shefield  and  Garbus^'^  the  swelling  of  mitochondria  disappears  on  removal  of  ftie 
uncoupling  reagent.      This  removal  is  effected  by  adding  serum  albumenwhich 
has  a  higher  affinity  for  the  uncoupling  agent.     ATP  must  also  be  added  to  the 
suspension.      The   swelling  and  shrinking  reaction  is  complex,    but  seems  to 
involve  the  muscle -like  action  of  contractile  proteins  in  the  mitochondrial 
membranes.     Somewhat  similar  changes  in  morphology  occur  as  the  steady- 
state  rate  of  phosphorylation  is  altered  in  normal  mitochondria.     The  impli- 
cations of  such  findings  appear  to  be  that  the  effects  are  due  to  specific  chenn- 
ical interactions  and  not  to  minor  modifications  in  osmotic  balance;    and  that 
there  is  sonne  connection  between  the  morphological  state  of  the  mitochondrian 
and  the  chemical  state  of  sonne  of  its  fixed  reactants.     The  characteristic 
times  observed  for  changes  in  morphology  would  appear  to  be  considerably 
slower  than  the  characteristic  tinnes  of  the  chemical  processes  so  that 

swelling  and  shrinking  seem  to  depend  on  the  steady-state  concentration  of  one 
or  more  reactants.     It  is  not  yet  necessary  to  suppose  that  a  reversible  cycle 
of  morphological  changes  accompanies  any  single  chemical  reaction  in  phos- 
phorylation. 

A  nunnber  of  years  ago  Lucille  Smith  observed  an  interesting  dependence 
of  the  light  scattering  of  suspensions  of  Rhodospirillurn    rubrum  fragments 
on  light  intensity  and  concomittant  rate  of  reaction.  This  result  suggests 

that  the  granum  may  also  manifest  swelling  and  shrinking  processes  related 
to  its  chennical  or  photochemical  processes.     In  the  last  two  years  Packer  Tias 
observed  that  the  chloroplasts  of  higher  plants  nnanifest  the   sanne  kind  of  light 
scattering  behavior  and  he  has  shown  that  light  scattering  and  photophosphor - 
ylation  are  closely  related.      More  detailed  studies  of  the  nnorphological 
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(7) 
process  itself  have  been  carried  out  by  Itoh,    Izawa  and  Shibata         using  the 

electron  microscope  and  the  Coulter  counter.      They  find  that  chloroplasts 
shrink  in  light  with  a  large  defornnation  of  the  chloroplast  such  that  their 
axial  ration  increases  from   1,7  to  Z.  6  on  illumination.     Again  a  close  rela- 
tionship between  photophosphorylation  and  the  new  effect  is  shown.     The 
evidence  also  suggests  that  chloroplast  fragments  and  presumably  grana  are 
altered  in  shape  in  the  process  and  may  indeed  be  the  primary  level  of  the 
effect.      The  process  of  shrinking  is  rapid  when  it  is  produced  by  ATP,    but 
much  too  slow  to  be  related  to  individual  photosynthetic  reactions  when  shrink- 
ing is  caused  by  illumination.     The  action  spectrum  is  that  of  a  chlorophyll 
with  two  major  peaks,    one  at  435  m|j.  and  the  other  at  680  mjj. .      There  is,    how- 
ever,   a  pronounced  and  unexplained  peak  at  720-740  m|j..     The  effect  is  similar 
to  that  observed  in  mitochondria.     The  phenomenon  attracts  our  attention  to 
the  possibility  of  a  rather  large   structure -function  relationship  in  these  parti- 
cles,   but  the  results  to  date  do  little  to  convince  us  that  photosynthesis  or 
oxidative  phosphorylation  actually  depend  on  these  morphological  changes. 
The  latter  may  prove  to  be  related  to  some  other  behavior  of  the  organisnns  as 
for  example  the  well-known  ability  of  chloroplasts  to  adjust  their  positions 
within  plant  cells   so  as  to  innprove  their  ability  to  collect  light.     We  can  do 
little  to  shed  light  on  the  fundamental  nature  of  the  morphological  processes 
or  to  explain  them  at  the  present  time.     We  can,    however,    review  some  of  the 
present  evidence  for  structure -function  relationships  in  proteins  and  extrap- 
olate from  this  to  the  possibilities  for  such  relationships  in  the  granum. 

THE  MECHANISM  OF  CERTAIN  HEME -PROTEINS 

At  present  there  are  three  most  promising  explanations  for  the  unusual 
adaptability,    specificity  and  efficiency  of  the  specific  physiological  reactions 
of  proteins.     It  is  probable  that  all  three  appear  together  or  in  pairwise  com- 
binations depending  on  the  required  protein  function.      The  first  of  these  is  the 
passive  organization  of  reacting  molecules  near  ionizable  groups  of  the  pro- 
tein to  provide  both  specificity  of  binding  and  the  needed  reduction  in  activation 
free  energy  for  enzymic  processes.     This  is  the  oldest  of  the  major  proposals 
for  enzymic  mechanism  but  has  been  out  of  favor  for  sonae  years.    Recent  ex- 
periments on  new  and  nriore  complex  model  systems,  particularly  by  Bruice 
and  his  collaborators,    '  suggest  that  it  may  be  more  important  than  we  have 
believed. 

The  second  explanation  is  that  the  protein  is  so  able  to  order  dipolar  and 
nonpolar  groups  of  its  own  structure  about  bound  reactants  as  to  produce    an 
electrostatic  field  highly  favorable  to  an  acceleration  of  the  limiting  step  of  an 
enzymic  reaction  chain.     In  a  case   simpler  than  an  enzyme  this  effect  can  be  j 

illustrated  by  the  oxidation -reduction  potential  of  cytochrome  c.     In  Fig.    1    is 
shown  the  reaction  between  the  innidazole  hemochrome  and  oxidized  cytochrcme 
c.     The  major  effect  of  electron  transfer  in  this  reaction  is  to  transport  a 
positive  charge  from  the  octahedral  hemichrome  complex  ion  buried  in  the 
protein  to  the  free  hemichrome  closely  surrounded  by  water  molecules.     Ex- 
perimentally the  free  energy  change  is  large  °    and  if  one  makes  the  reason- 
able guess  that  the  dielectric  constant  within  the  protein  is  about  20,    the  entire 
value  of  the  free  energy  change  can  be  accounted  for  by  the  difference  in  di- 
electric constants  at  the  positive  charge.      There  is  no  doubt  that  the  effect  is 
important  i^n  biological  reactions  and  it  may  be  very  important.    However, 
Sullivan' ^^'  has  carried  out  a  number  of  experiments  which  show  that  the 
effect  is  quantitatively  less  important  than  my  sinnple  calculation  would  indi- 
cate.    The  iron  complex  ion  of  cytochrome  c  has  six  ligand  atoms.     Four  of 
these  are  porphyrin  nitrogen  atoms  and  the  other  two  are  thought  to  be 
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imidazole  nitrogens.     The  latter  are  said  to  occupy  the  fifth  and  sixth  ligand 
positions.     Cytochrome  c  may  be  partially  opened  to  replace  the  sixth -position 
ligand,    presumably  an  imidazole  group,    by  a  cyanide  ion.     The  charge  situ- 
ation is  then  reversed  as  compared  with  the  intact  protein  since  the  resulting 
mixed  iron  complex  of  protein,    porphyrin  and  cyanide  ion   has  a  negative 
charge  in  the  reduced  state  and  no  net  charge  in  the  oxidized  state.     If  the 
electrostatic  effect  is  predominate,    the  potential  should  be  shifted  well  over 
in  favor  of  the  oxidized  state  perhaps  to   -250  mv,    yet  it  shifts  only  from 
+  260  mv.    to  -62  mv.     Hence  the  electrostatic  effect  cannot  be  the  total  ex- 
planation of  the  normal  oxidation-reduction  potential  in  this  case  and  we  must 
look  to  the  fifth -position  ligand  or  the  porphyrin  of  the  mixed  complex  for  a 
more  complete  explanation.     We  are  thus  directed  to  the  third  possible  explan- 
ation for  the  behavior  of  protein  reactions. 

The  geometry  of  an  isolated  hemochrome  or  hemichronne  complex  is  deter- 
mined by  the  directed  valences  of  the  iron  3d  orbitals.     On  incorporation  of 
these  complexes  into  the  protein  matrix  other  factors  will  influence  the  geom- 
etry of  the  complex.     The  local  anisotropic  electrostatic  field  can  distort  the 
ligands  from  the  "zero-order"  geometry  of  the  isolated  complex  though  it  is 
hard  to  believe  that  the  effect  can  be  large.     Of  more  importance,    the  thermo- 
dynamic factors  of  protein  stability  may  be  best  satisfied,    i.e.,    the  lowest 
free  energy  of  the  total  protein  achieved,   by  distortion  of  the  ligands  from  the 
zero-order  geometry.     The  porphyrin  may  be  bent  or  twisted  in  hydrophobic 
bonding  and  the  fifth-position  ligand  and,    in  the  case  of  cytochrome  c,    the 
sixth-position  ligand,    which    is    also  coupled  to  the  protein  chain,    can  be  re- 
oriented as  a  consequence  of  local  folding  details  to  produce  bending,    twisting, 
compression  or  stretching  of  the  nitrogen-iron  bond.    ^^'    It  is  beginning  to 
look  as  though  distortion  of  the  porphyrin  may  not  be  too  important  in  ground- 
state  electronic  processes  of  the  heme  proteins.     In  preliminary  Faraday- 
effect  experiments,    Rosenberg*      '  has  found  that  there  is  no  Faraday  effect 
associated  with  the  absorption  bands  of  cytochrome  c  except  with  the  very 
small  band  at  675  m|ji  and  the  delta  band  at  about  315  mfj..     According  to 
present  understanding  of  the  Faraday  effect  these  results  mean  that  electronic 
states  responsible  for  the  pronninent  Soret  and  visible  bands  do  not  contain 
admixtures  of  3d  iron  orbitals.     There  would  thus  appear  to  be  no  direct 
coupling  between  these  ir-system  orbitals  responsible  for  visible  and  Soret 
absorption  and  the  iron  3d  orbitals,    though  of  course  there  is  cT-bonding  to  the 
porphyrin  nitrogen  atoms.     As  Gouterman*  ^  ■^'  has  pointed  out,    the  effect  of 
metal  ion  on  porphyrin  spectra  can  be  well  explained  by  mixing  of  the  iron  p^ 
orbital  with  the  tt  system.     The  chemical  reactions,    including  the  oxidation- 
reduction  process,    involve  essentially  pure  3d  orbital.      These  observations 
suggest  that  the  physiological  reactions  of  iron  are  not  strongly  related  to  the 
porphyrin  it  system  and  are  not  much  influenced  by  p -position  substitution  of 
the  porphyrin  or  distortion  of  the  porphyrin.     It  is  not  improbable  that  we  shall 
come  to  understand  the  rather  large  changes  in  the  position  and  intensity  of 
the  visible  bands  of  porphyrin  proteins  during  reaction  to  be  the  result  in  part 
of  direct  distortions  of  the  it  system  of  the  porphyrin  brought  about  by  the 
forces  due  to  the  folding  of  the  protein.     Fleischer  and  colleagues*    ^'  have 
recently  demonstrated  that  the  porphyrin  plane  can  take  on  a  number  of  confor- 
mations in  different  metal-porphyrin  densities.     These  probably  result  from 
weak  crystalline  forces  and  lead  us  to  believe  that  the  porphyrin  ring  and  thus 
the  IT  system  may  be  forced  to  take  on  many  different  conformations  in  differ- 
ent proteins.     In  general  it  can  be  anticipated  that  these  distortions  will  have 
more  influence  on  spectra  than  on  the  physiologically  important  electronic 
properties  of  the  bound  nnetal  ion  at  least  for  heme  proteins.     However,    the  3d 
orbitals  of  magnesium  lie  too  high  to  be  nnuch  involved  in  the  reactions  of 
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chlorophyll  and  a  more  direct  connection  between  the  particular  confornnation 
of  the  chlorophyll  porphyrin  tr  system  and  the  electronic  properties  of  the 
nnagnesium  ion  which  depend  on  p  orbitals  may  appear.     It  will  be  interesting 
to  see  what  the  Faraday  effect  is  in  the  several  bands  of  chlorophyll.     Con- 
ceivably one  of  these  bands  contains  an  admixture  of  a  charge  transfer  process 
in  which  an  electron  nnoves  from  the  porphvrin  ir  system  to  magnesium  ion. 
According  to  the  analysis  of  Witt,    et  al.  ,  ^^^'  the  P700  pignaent  is  photo - 
oxidized  on  illximination  and  magnesium  could  be  the  catalyst  for  this  process. 

This  kind  of  consideration  is  still  based  on  too  few  observations  to  allow  us 
to  eliminate  porphyrin  distortion  as  important  in  determining  the  electronic 
properties  of  henne  iron.     Nevertheless  it  does  concentrate  our  attention  on  the 
fifth -position  and  sixth -position  ligands  of  the  iron  complex  as  being  primarily 
responsible  for  determining  this  electronic  state.     Thus  aside  from  porphyrin 
effects  the  oxidation -reduction  potential  of  cytochromes  is  not  determined  sol- 
ey  by  the  nature  of  the  fifth-  and  sixth -position  ligands,   but  also  by  the  posi- 
tioning of  these  ligands  achieved  in  the  tug  of  war  between  the  directed  valence 
of  the  3d  orbitals  of  iron  and  the  tendency  of  the  protein  to  fold  to  a  state  of 
lowest  free  energy.     We  have  carried  out  several  experiments  to  show  that  the 
oxidation-reduction  potential  and  paramagnetic  susceptibility  of  iron  can  be.    ,_ 
altered  by  alteration  of  the  protein  without  change  in  nature  of  ligands;      '       ' 
and  there  is  little  reason  to  doubt  that  this  is  due  to  the  distortion  mechanism 
which  thus  plays  an  important  role  in  establishing  the  necessary  electronic 
properties  for  this  particular  physiological  reaction.     The  mechanisnn  also 
explains  how  the  electronic  properties  of  iron  can  be  mutationally  altered  to 
become  more  suitable  for  evolving  organism  since  changes  of  amino  acid  re- 
sidues at  key  positions  can  alter  the  positions  of  the  fifth  and  sixth  ligands  and 
thus  alter  the  functional  electronic  properties  of  the  iron  atom.  ^^^>  1°) 
Electronic  evolution  is  thus  seen  to  be  no  more  complicated  than  morphologi- 
cal evolution  since  it  is  based  on  the  same  mechanism.     Experiments  with 
chemical  modification  of  single  side -chains  or  pairs  of  side  chains  in  chymo- 
trypsin'    °'  convince  us  that  the  rate  parameters  of  enzymes  are  evolved  to 
their  high  levels  of  efficiency  in  the  same  way.     Similarly  the  varying  affin- 
ities of  hemoglobins  from  different  organisms  for  oxygen  appear  to  be  estab- 
lished in  this  way.  ( ^  ^ ) 

We  have  been  concerned  with  the  possibility  that  dramatic  changes  in  the 
folding  of  cytochrome  c  nnight  occur  on  reduction  of  iron.     Such  changes 
might  be  expected  either  as  a  result  of  the  elimination  of  the  charge  on  heme 
iron  or  as  a  result  of  ligand  reorientation  since  either  factor  could  upset  the 
order  of  conformational  stability  of  the  possible  folded  forms.     We  have  men- 
tioned that  such  refolding  or  shifts  in  folding  might  explain  the  shifts  in  the 
peaks  of  the  visible  spectrum.     Reasonably  satisfactory  evidence,   particularly 
from  Okunuki' s  group,  ^    °'  shows  that  there  is  a  difference  in  character  of  the 
protein  in  the  sense  that  one  form  is  much  more  resistant  to  proteolytic 
enzyme  attack  and  to  denaturation.     However,    we  have  been  unable  to  provide 
definite  evidence  from  viscosity  experiments  that  any  major  change  in  size  or 
shape  occurs.'      '    The  viscosity  experiments  are,   however,    complicated  and 
we  have  recently  turned  to  dielectric -dispersion  experiments.     It  has  been 
possible  to  eliminate  electroviscous  effects  which  have  made  the  method  un- 
reliable heretofore,    and  under  such  circumstances  Yue  has  found  that  the 
oxidized  and  reduced  forms  of  cytochrome  c  are  very  similar.     The  differ- 
ences are  small  and  about  the  magnitude  expected  from  sedimentation  experi- 
ments. ^20)    It  is  probable  that  there  are  differences  in  the  proteins  but  thexe 
can  be  no  large  change  in  volume  or  shape.     Somewhat  similar  conclusions 
can  be  reached  with  hemoglobin  under  physiological  salt  concentrations.     A 
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number  of  years  ago  Takashima  was  able  to  show  that  large  changes  in  di- 
electric relaxation  time  and  dipole  moment  occurred  on  oxygenation  of  hemo- 
globin providing  the  experiments  were  carried  out  at  very  low  salt  concentra- 
tions. ^'     At  physiological  salt  concentrations  no  such  effects  could  be  obser- 
ved in  viscometry  experiments. (^^' ^3)     Muirhead  and  Perutz'       '  have  recently 
found  on  comparison  of  horse  deoxyhemoglobin  and  human  oxyhemoglobin 
crystals  obtained  from  high-salt  solutions  that  there  is  no  detectable  change  in 
internal  folding  of  the  four  quarters  of  hemoglobin,    but  that  the  P  sub -proteins 
which  form  two  of  these  quarters  are  positioned  quite  differently  in  the  two 
proteins.     If,    as  is  thought,    it  is  possible  to  consider  this  difference  a  true 
measure  of  the  effect  of  oxygenation,    we  can  conclude  that  the  change  in  state 
of  iron  produced  by  oxygen  binding  results  in  significant  alteration  in  quaten- 
ary  structure.     However,    it  is  most  innportant  to  note  that  this  reorganization 
must  also  result  from  changes  in  internal  folding  since  there  is  no  other  way  to 
couple  the  state  of  the  iron  complex  to  the  factors  determining  quatenary  bind- 
ing. ^^■^'     The  resolution  of  the  x-ray  diffraction  method  for  hemoglobin  is  only 
about  5  angstrom  units  so  considerable  variation  in  internal  folding  can  occur 
without  detection.      There  is  little  reason  at  present  to  believe  that  changes  of 
much  more  than  one  or  two  angstrom  units  in  some  atom       positions  are  re- 
quired and  the  changes  in  geonrietry  are  detectable  in  the  molecule  as  a  whole 
only  because  the  delicate  balance  of  interactions  among  the  quarters  produces 
in  the  quatenary  changes  an  amplification  of  the  small  internal  changes.     It  is 
interesting  to  note  that  what  may  be  all-important  small  shifts  in  the  positions 
of  many  atoms  during  physiological  reactions  may  not  generally  be  detectable 
by  x-ray  nnethods  even  at  highest  resolution.     It  may  be  hoped  that  this  is  too 
pessimistic  a  view.     The  results  of  Takashima  suggest  that  the  largest  changes 
in  protein  conformation  occur  at  intermediate   states  of  oxygenation  rather  than 
on  formation  of  fully  oxygenated  hemoglobin.     It  may  prove  possible  to  crystal- 
lize these  intermediates  for  x-ray  studies. 

The  small  shifts  within  the  quarters  of  hemoglobin  appear  to  be  concentrated 
in  the  region  of  the  fifth -position  imidazole  ligand  behind  the  heme  plane. 
Evidence  largely  from  Antonini  and  Wyman  and  their  co-workers^       '  has 
drawn  special  attention  to  this  part  of  the  protein  and,  taken  with  the  fifth -posi- 
tion imidazole  linkage  between  iron  and  protein  already  discussed,    presents 
reasonable  qualitative  explanations  for  most  of  the  long -puzzling  peculiarities 
of  hemoglobin  reactions.     Only  one  of  these  need  be  discussed  here.     This  is 
the  so-called  heme -heme  interaction  in  which  the  replacement  by  oxygen  of 
water  at  the  sixth  ligand  position  of  the  iron  ion  of  one  sub-protein  increases 
the  affinity  for  oxygen  on  the  iron  ion  of  a  second  sub -protein.     At  present  this 
picture  is  best  explained  by  the  following  steps:     (1)  oxygenation  of  one  iron  ion 
causes  conformational  readjustments  in  the  region  of  its  fifth-position  ligand; 
(2)  through  the  strong  coupling  between  the   sub -proteins  these  dislocations  are 
spread  to  a  second  sub-protein  to  cause  a  readjustment  of  the  fifth-ligand  imi- 
dazole group  of  that  sub -protein;    (3)  the  change  in  the  orientation  of  this  ligand 
alters  the  electronic  properties  of  the  second  iron  ion  to  increase  its  affinity 
for  oxygen.      Thus  the  chemical  reactions  of  two  distinct  sub -proteins  are 
coupled  by  interactions  through  "'the  conformations  of  the  sub-proteins.     The 
situation  is  actually  more  complicated  than  this  since  there  are  dependencies 
on  the  total  structure  of  the  protein.    The  total  protein  must  have  a  very  rigid 
conformation  and  we  have  begun  to  suspect  that  the  high  content  of  a -helix  in 
these  proteins  is  needed  to  establish  rigidity.      The  a -helix  is  a  very  rigid 
structure'       '  and  undoubtedly  stiffens  the  protein  much  as  iron  bars  will  stiffen 
a  rubbery  matrix.     Even  cytochrome  c  has  a  high  helix  content  which  we  can 
currently  estimate  as  forty  per  cent. 
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THE  STRUCTURE -FUNCTION  RELATIONSHIP  IN  CHYMQTRYPSIN 

Space  prevents  more  than  the  briefest  mention  of  studies  from  our  labora- 
tory^^'' and  that  of  Hess(^°'  at  Cornell  on  the  possibility  of  significant  confor-  _ 
mation  changes  in  chymotrypsin  during  reaction.     It  is  sufficient  to  say  that                 ■ 
although  rather  large  changes  in  optical  rotation  and  fluorescence  yield,    possi- 
bly indicating  conformation  change,    can  be  detected  on  acyl  enzyme  formation 
or  reaction  of  substrates  under  extreme  conditions  of  pH,    there  is  at  present 
no  evidence  indicating  any  significant  change  in  conformational  parameters  at 
the  normal  pH  of  activity  which  is  7.  8.     The  data  leads  us  to  believe  that  there 
is  a  distinct  conformation  change  away  from  the  active  confornnation  as  pH  is 
displaced  away  from  7.  8  either  toward  basic  or  acidic  values.     Reaction  with 
strong  specific  acylating  agents  or  phosphorylating  agents  forces  the  protein 
back  to  its  active  conformation  since  it  reacts  only  with  the  active  form  and 
stabilizes  it.     Although  confornnational  parameters  do  shift  at  these  pH  values, 
the  changes  are  not  an  essential  aspect  of  the  catalytic  function  itseK.    Further 
work  may  prove  that  small  changes  in  conformation  occur  also  at  pH  7.8.    We 
are  in  fact  inclined  to  suspect  the  normal  occurrence  during  catalysis  of  small 
rearrangements  of  conformation  of  the  same  magnitude  as  occur  in  hemoglobin 
and  of  equal  iniportance.     Unfortunately  it  would  be  very  ennbarrassing  to  try 
to  defend  such  a  thesis  on  the  basis  of  present  facts. 

Our  experiments  on  hemoglobin  and  chymotrypsin  and  the  x-ray  studies  of 
Muirhead  and  Perutz^^"*'  are  thus  to  some  extent  disappointing  insofar  as  they 
do  not  provide  positive  evidence  for  a  dynamic  involvement  of  conformation  in 
protein  reactions. 

POSSIBLE  IMPLICATIONS  OF  EXISTING  PROTEIN 

STRUCTURE -FUNCTION  OBSERVATIONS  FOR  PHOTOSYNTHESIS 

We  have  purposely  selected  certain  of  the  results  from  studies  of  heme- 
proteins  and  chymotrypsin  because  of  their  possible  bearing  on  the  photosyn- 
thetic  process.     None  of  the  work  provides  much  confidence  that  major  con- 
formation changes  or  even  significant  chemical-mechanical  interaction  will  be 
found  essential  in  the  photosynthetic  process.     On  the  other  hand,    the  results 
do  not  exclude  such  processes  and  it  would  be  unwise  to  ignore  even  the  more 
extreme  implications  of  such  changes  at  present,    particularly  in  view  of  the 
findings  of  Packer(°)  and  the  Japanese  group.  '  ^    Let  us  therefore  see  what 
behavior  might  be  predicted  even  though  at  this  point  in  time  several  of  our 
suggestions  appear  to  be  extreme. 

There  is  first  the  possibility  that  the  spectrum  of  pigment  molecules  and 
the  electronic  states  of  the  functional  atoms  or  bonds  of  these  groups  will  be 
significantly  deternnined  by  the  forces  of  protein  folding.     The  spectrum  of  the 
photon-collecting  chlorophyll  molecules  of  the  bed  is  close  to  that  of  chloro- 
phyll in  solution  and  these  molecules  are  probably  little  affected  by  their  loose 
union  with  protein  and  lipoid.    On  the  other  hand  the  fluorescence  quantum  yield 
of  these  chlorophylls  is  at  least  tenfold  lower  than  that  of  chlorophyll  in  homo- 
geneous solution  so  that  internal  conversion  does  appear  to  be  influenced  by  the 
bonding.  '    ''    In  green  plants  there  are  several  different  kinds  of  chlorophyll 
as  indicated  by  spectral  changes'-^^)  and  there  is  also  the  P700  pigment  which 
may  or  may  not  be  chlorophyll.  '-^    '    In  view  of  what  has  been  said  above  about 
heme  spectra,    it  may  be  suggested  that  those  forms  which  differ   significantly 
from  normal  chlorophyll  spectra  attain  their  spectra  as  a  result  of  distortions 
supplied  by  their  respective  proteins.    We  are  particularly  referring  here  to 


f 


631 


Rufus  Lumry 

the  P700  pigment  as  a  distorted  form  of  chlorophyll.     Some  support  for  this 
idea  comes  from  the  studies  of  Izawa,    Itho,    Ogawa  and  Shibata'      '  who  fovind 
that  treatment  of  isolated  chromatophores  of  Rhodospir ilium  rubrum  by  the 
strong  protein  denaturing  agent,    dodecylbenzene sulfonate,    shifted  the  878nnji 
peak  of  bacteriachlorophyll  to  778  m|j..     They  attributed  the  effect  either  to  the 
removal  of  a  pre-existing  interaction  with  proteins  or  with  carotenoids,    but  it 
is  probable  that  in  either  case  the  very  large  effect  is  dependent  on  protein  de- 
naturation.     Frenkel  has  observed  reversible  shifts  of  the  878  m|ji  peak  to 
shorter  wavelengths  in  dilute  detergent  solutions.^       ' 

It  has  been  shown  that  cytochrome  c  derives  its  iron  electronic  properties, 
notably  the  oxidation-reduction  potential,    in  part  from  distortions  of  ligands 
enforced  by  the  protein.    Judging  from  the  hennoglobin  mechanism  these  prop- 
erties may  be  further  modified  through  strong  interactions  with  neighboring 
proteins.     This  leads  to  the  idea  that  the  quantitative  behavior  of  chloroplast 
enzymes  as  well  as  cytochromes  and  other  pigmented  proteins  can  be  modified 
by  structural  factors  to  be  different  from  behavior  found  in  studies  of  the  iso- 
lated proteins.    There  are,    of  course,   possibilities  for  dielectric  effects 
particularly  a  local  reduction  in  effective  dielectric  constant  as  a  result  of  high 
lipoid  content  though  the  ease  of  permeation  of  chloroplast  fragments  by  char- 
ged molecules  suggests  that  these  effects  are  not  very  important.     At  present 
there  seems  to  be  no  evidence  that  the  c-type  cytochromes  of  the  photosynthe- 
tic  system  have  unusual  oxidation-reduction     potentials.     However,    it  is  al- 
most certain  in  view  of  the  tightness  of  interaction  among  constituents  that 
some  fixed  reactants  derive  the  precise  values  of  their  electronic  properties 
from  distortion  produced  in  forming  the  granum. 

The  most  extreme  suggestion  provided  by  the  work  on  heme -proteins  is  that 
of  dynamic  interaction  of  proteins  in  the  granum  or  mitochondrian.    As  a  result 
of  strong  aggregation  conformational  changes  in  one  protein  may  be  spread  to 
nearby  proteins  to  produce  alterations  in  the  chennical  properties  of  these  pro- 
teins.    Changes  in  the  chennical  state  of  one  protein  could  produce  changes  in 
its  structure  which  are  spread  to  nearby  proteins.     If  the  structure  of  the 
granum  is  sufficiently  strong,    whole  chains  of  protein-supported  single-step 
reactions  could  be  coordinated  in  this  way.    Such  a  mechanisnn  might,   for 
example,    coordinate  the  interaction  between  the  two  light  acts  to  explain  the 
puzzling  observation  that  the  quantum  yield  of  photosynthesis  is  nearly  inde- 
pendent of  light  color  for  wavelengths   shorter  than  about  685  m|j.. 

An  additional  example  in  point  is  the  mechanism  of  the  collection  of  snnall 
packets  of  negative  free  energy  to  form  a  single  packet  of  significant  size  to 
cause  a  needed  chemical  reaction.     Muscle  is  a  system  designed  to  convert 
chemical  energy  into  mechanical  energy.     Because  of  the  principle  of  detailed 
balancing,at  least  in  theory,    it  can  be  made  to  work  backward  to  convert  mech- 
anical energy  into  chemical  energy.     It  is  believed  that  two  one-electron  pro- 
cesses are  required    in  the  mitochondrian  to  produce  enough  negative  free 
energy  for  each  molecule  of  ATP  formed.     One  way  to  collect  the  required 
energy  is  to  first  convert  the  chemical  energy  of  the  two  one-electron  steps 
into  mechanical  energy  of  the  phosphorylating  enzyme.     The  latter  then  acts 
like  muscle  working  backward  to  reconvert  this  energy  in  a  single  process 
into  chemical  energy  of  phosphorylation.     This  proposal  is  less  unreasonable 
than  it  sounds   since  the  free  energies  for  phosphorylation  are   small  and  could 
easily  be  acconnmodated  by  nninor  distortion  of  proteins  without  any  miajor  re- 
folding processes.    On  the  other  hand  the  single -packet  energies  involved  in 
the  production  of  oxygen  in  photosynthesis  are  relatively  large  and  there  must 
be  considerable  question  as  to  the  possibility  that  the  large  stock-piling  of 
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small  amounts  of  free -energy  necessary  for  oxygen  production  can  be  brought 
about  in  this  way. 

In  conclusion  we  may  observe  that  the  suggestions  for  mechanical  mechan- 
isms in  photosynthesis  are  rather  large  departures  from  current  approaches 
to  mechanisms.     There  is  in  the  literature  abundant  suggestions  of  conforma- 
tional change  during  enzymic  function  (for  pertinent  examples  see  Ref.    34). 
These  changes  may  prove  to  be  real  and  large,    but  if  our  studies  have  any 
general  significance,they  will  prove  to  be  small  on  close  investigation,   though, 
of  course,    the  small  changes  may  be  vitally  important  in  the  catalytic  process. 
Enzyme  chemistry  is  just  beginning  to  move  into  the  era  of  real  mechanism 
study  and  it  is  probable  that  a  good  bit  of  work  will  have  to  be  done  on  single 
enzymes  before  we  have  sufficient  information  to  allow  any  profitable  analysis 
of  the  detailed  mechanism  of  photosynthesis.     We  do  not  yet  know  whether  the 
integrity  of  the  granum  is  essential  for  the  process  since  the  many  failures   to 
find  reactions  in  detergent -treated  preparations  and  in  similar  fractionation 
experimentsare hardly  proof  of  the  need  for  integrity.     The  studies  from  the 
Enzyme  Institute  at  Wisconsin  suggest  that  only  sub-particles  of  the  mitochon- 
drian  need  have  structural  integrity.'-^-*)    It  is  highly  desirable  that  similar 
investigation  of  the  granunn  be  carried  out. 

We  caution  against  the  ready  explanation  of  peculiar  aspects  of  photosyn- 
thetic  sub-processes  as  being  "due  to  protein  conformation  change.  "     On  the 
other  hand  we  are  convinced  that  at  the  present  tinne  the  best  place  to  look  for 
the  unique  basis  of  protein  reactions  is  in  conformational  factors.     We  must 
continue  to  ask  why  Nature  has  made  use  of  well-knit,   highly  organized 
particulate  structures  for  both  oxidative  phosphorylation  and  photosynthesis. 
We  must  continue  to  inquire  into  the  meaning  of  the  experiments  of  Packer^    ' 
and  of  Izawa,    Itoh  and  Shibata.  '^) 
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IX.     PATH  OF  CARBON  AND  ASSOCIATED  METABOLISM 


RECENT  KINETIC  STUDIES  ON  THE  CARBON  REDUCTION  CYCLE 
J. A.  Bassham 

The  photosynthetic  carbon  reduction  cycle  (PSCR  cycle)  was  proposed  in 
essentially  its  present  form  about  ten  years  ago  (1),  following  seme  seven 
years  of  study  by  Calvin  and  coworkers,  who  used  1^*0  as  a  tracer  to  follow  the 
path  of  carbon  in  photosynthesis.  Since  that  time,  it  has  been  rather  widely, 
though  not  universally,  accepted  as  being  the  correct  primary  pathway  of  carbon 
dioxide  reduction  during  photosynthesis.  Studies  from  this  laboratory  (2) 
showed  the  PSCR  cycle,  or  a  cycle  utilizing  the  same  intermediate  compounds,  to 
be  responsible  for  by  far  the  greater  part  of  the  carbon  dioxide  reduction. 
Other  later  studies  showed  that  carbohydrates  are  not  unique  as  secondary  prod- 
ucts formed  from  the  intermediates  of  the  catrbon  cycle.  For  example,  it  was 
shown  that  the  synthesis  of  carbon  skeletons  of  amino  acids  could  account  for 
305Z  or  more  of  the  rate  of  carbon  uptake  by  the  carbon  reduction  cycle  during 
photosynthesis  in  Chlorella  pyrenoidosa  (3;.  The  pursuit  of  such  quantitative 
studies  led  to  the  development  of  more  sophisticated  steady-state,  steady 
tracer  level  techniques (2, 3).   Development  of  these  techniques  in  tur'n  per- 
mitted us  to  restudy  sane  kinetic  properties  of  the  PSCR  cycle,  and  to  investi- 
gate seme  puzzling  facets  of  the  -'-^C  labeling  patterns  which  had  been  noted 
earlier  in  this  and  other  laboratories. 

Before  presenting  these  questions  and  our  efforts  to  find  answers  to  them, 
I  will  discuss  briefly  the  PSCR  cycle,  shown  in  Pig.  1.  In  this  cycle,  the 
first  stable  carboxylation  product  is  3-phosphoglyceric  acid  (PGA)  (^) . 
All  the  remaining  stable  intermediates  are  sugar  phosphates  and  diphosphates, 
with  carbon  skeletons  from  3  to  7  carbon  atans  in  length. 

There  are  four  stages  in  the  cycle:  1)  Rlbulose-1 , 5-diphosphate  (RuDP)  is 
carboxylated  and  gives  two  molecules  of  PGA;  2)  PGA  is  reduced  to  triose  phos- 
phate; 3)  A  series  of  reactions  convert  five  triose  phosphate  molecules  to 
three  ribulose  monophosphate  molecules;  H)   The  ribulose  monophosphate  molecules 
are  then  phosphorylated  with  ATP  to  give  RuDP. 

Carbon  which  enters  this  cycle  as  CO2  is  later  "drained  off"  in  the  form  of 
reduced  carbon  ccmpounds  such  as  PGA  or  sugar  phosphates,  by  secondary  photosyn- 
thetic pathways.  Such  pathways  lead  to  the  synthesis  of  fats,  proteins,  carbo- 
iTydrates  and  other  products.  Part  of  these  products  are  then  used  in  the 
synthesis  of  new  chloroplast  structure  while  the  remainder  is  "exported"  to 
non-green  parts  of  the  plant  cell,  or  to  other  parts  of  the  plant  in  multicellu- 
lar organisms. 

The  asterisks  are  intended  to  show  the  degree  of  labeling  of  various  carbon 
atcms  in  the  cycle  following  a  short  period  (a  few  seconds)  of  photosynthesis 
with  14C02.  Newly  incorporated  I'^COo  becomes  the  carboxyl  group  of  PGA  and  the 
unphosphorylated  terminal  carbon  atom  of  phosphoglyceraldehyde  and  of  phospho- 
dihydroxyacetone .  Condensation  of  these  two  triose  phosphates  with  each  other 
results  in  fruct03e-l,6-diphosphate  labeled  in  carbon  atoms  3  and  H.   However, 
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TPP 


Fig.  1.  The  photosynthetic  carbon  reduction  cycle  (PSCR  cycle).  Abbreviations 
include:  FDP,  fructose-l,6-diphosphate;  SDP,  sedoheptulose-l,7-diphosphate; 
RuDP,  ribulose-l,5-diphosphate;  TPP,  thiamine  pyrophosphate;  E,  E' ,  unspecified 
enzymes  or  proteins.  The  E'(FeSH)2  symbolizes  a  reduced  ferredoxin-type 
electron  carrier  with  a  potential  of  -0.4  v.  The  asterisks  denote  the  order  of 
labeling  (not  the  accurate  magnitude)  of  various  carbon  atoms  of  sugar  phos- 
phates, and  other  intermediates,  following  a  short  period  (such  as  10  sec)  of 
photosynthesis  with  1^002 .  Depending  on  pool  sizes,  particularly  that  of  triose 
phosphates,  asymmetry  of  labeling  in  hexose  and  heptose  phosphates  may  be 
more  or  less  than  shown. 
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there  is  a  higher  label  in  carbon  no.  4  than  in  carbon  no.  3  if  the  equilibra- 
tion of  label  between  the  two  triose  phosphates  has  been  incomplete  so  that 
the  specific  activity  of  the  glyceraldehyde  phosphate  is  higher  than  that  of 
phosphodlhydroxyacetone . 

A  transketolase  reaction  on  fructose-6-phosphate,  and  a  subsequent  condensa- 
tion of  the  resulting  tetrose  phosphate  with  dihydroxyacetone  phosphate  leads 
to  the  formation  of  sedoheptulose  diphosphate  and  of  sedoheptulose  monophos- 
phate with  the  label  predominantly  in  carbons  3,M  and  5  with  more  label  in  3 
and  5  than  in  4.  Such  a  labeling  pattern  was  observed  when  leaves  were  exposed 
to  1^C02  during  photosynthesis  for  a  second  or  less  (D.  This  was  evidence  for 
the  existence  of  differentially  labeled  triose  phosphate  pools  and  was  so 
recognized  at  the  time  (D. 

Another  transketolase  reaction  on  sedoheptulose-7-phosphate  leads  to  the 
fonnation  of  a  ribulose-5-phosphate  labeled  in  carbon  atoms  1,2  and  3.  The 
carbon  atoms  1  and  2  resulting  from  the  transketolase  reactions  on  fructose-6- 
phosphate  and  sedoheptulose-7-phosphate  are  considered  to  be  in  equilibrium  with 
a  pool  of  thiamine  pyrophosphate-glycolaldehyde  addition  ccxnpound.  Two-carbon 
moieties  from  this  pool  undergo  a  reversible  reaction  with  glyceraldehyde 
phosphate  to  give  molecules  of  xylulose-5-phosphate  (labeled  in  carbon  atom  no. 
3)  which  in  turn  is  in  equilibrium  with  a  ribulose-5-phosphate  pool  and  the 
ribose-5-phosphate  pool  mentioned  above.  Rapid  reversible  equilibration  among 
these  pentose  phosphate  pools  and  the  thiamine  pyrophosphate  glycolaldehyde 
pool  results  in  the  feedback  of  labeling  from  carbon  atoms  1  and  2  of  ribose 
phosphate  through  ribulose  phosphate,  xylulose  phosphate  to  glycolaldehyde 
thiamine  pyrophosphate  addition  compound  and  thence  to  the  number  1  and  2 
carbon  atoms  of  fructose-6-phosphate  and  sedoheptulose-7-phosphate .  This  is 
essentially  the  explanation  which  we  have  given  previously  (6)  for  the  asym- 
metric labeling  of  hexose  discovered  by  Kandler  and  Gibbs  (7). 

This  rapid  reversible  equilibration  is  entirely  to  be  expected,  since  the 
free  energy  changes  associated  with  the  transketolase  and  eperimisation  reac- 
tions under  steady  state  conditions  probably  are  all  in  the  range  P^  =  +1.5 
to  -1.5  Kcal.  This  close  to  equilibration,  and  with  low  activation  energies  for 
the  reactions  involved,  the  ratio  between  forward  and  back  reactions  is  given 
by  ps  =  _RT  In  f/b  where  f  is  the  rate  of  the  forward  reaction  and  b  is  the 
rate  of  the  back  reaction.  (5)  At  25°C,  PS  =  -1.37  log  f/b,  so  that  the 
back  reaction  is  approximately  10^  of  the  rate  of  the  forward  reaction. 

Other  reactions  for  the  glycolaldehyde  thiajnine  addition  canpound  are  its 
conversion  by  phosphoroclastlc  splitting  to  acetyl  phosphate,  and  its  oxidation 
to  glycolic  acid.  Evidence  for  the  acetyl  phosphate  formation  by  this  path  in 
photosynthesis  is  lacking.  Tl:e  stimulation  of  fonnation  of  labeled  glycolic 
acid  during  photosynthesis  with  1^C02  at  high  O2  levels  tias  been  demonstratedvo}. 

The  Gibbs  effect  is  often  quoted  as  an  argument  against  the  correctness  of 
the  PSCR  cycle  (9).  This  effect,  asyiranetric  labeling  of  hexose  following  short 
periods  of  photosynthesis  with  1^002,  consists  of  two  parts:  carbon  atom  no. 
4  is  more  highly  labeled  than  carbon  atom  no.  3,  and  carbon  atoms  1  and  2  are 
more  highly  labeled  than  carbon  atoms  5  and  6. 

There  is  a  difficulty  in  the  explanation  of  the  greater  labeling  of  carbon 
atom  4  as  compared  with  carbon  atom  3-  The  pools  of  the  two  kinds  of  triose 
phosphate  would  have  to  be  inccxnpletely  equilibrated  with  respect  to  carbon 
labeling.  By  the  argument  presented  above,  cne  would  expect  these  two  types  of 
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triose  phosphate  to  be  in  rather  rapid  equilibrium  with  each  other.  However, 
if  the  relation  between  phosphoglyceraldehyde  and  phosphodihydroxyacetone  were 
different  from  that  which  exists  in  glycolysis,  it  is  possible  that  the  label- 
ing of  the  dihydroxyacetone  phosphate  pool  would  not  be  reflected  into  the 
phosphoglyceraldehyde  pool.  Such  a  situation  might  exist  if  the  phosphoglycol- 
aldehyde  moiety  were  bound  to  an  enzyme  and  if  its  conversion  to  dihydroxy- 
acetone phosphate  resulted  in  a  larger  negative  free  energy  change  than  is 
associated  with  the  conversion  of  free  phosphoglyceraldehyde  to  dihydroxy- 
acetone phosphate. 

The  possibility  that  phosphoglyceraldehyde  and  perhaps  erythrose-4-phos- 
phate  as  well,  may  exist  only  in  a  form  bound  to  the  enzyme  such  as  enzyrae-S- 
CO-R  is  most  attractive.  It  could  explain  why  neither  the  triose  phosphate 
nor  tetrose  phosphate  are  normally  seen  as  labeled  intermediates  during 
studies  of  photosynthesis  with  1^^002 .  If  the  enzyme-bound  phosphoglyceraldehyde 
were  unable  to  react  with  inorganic  phosphate  to  make  phosphoryl-phospho- 
glycerate,  as  it  does  in  glycolysis,  the  oxidation  of  triose  phosphate  to 
phosphoglyceric  acid  could  be  blocked.  Such  a  block  might  be  most  advantageous 
to  the  photosynthetic  mechanism,  in  that  it  would  prevent  reoxidation  of  new- 
ly fonned  sugar  phosphates  during  short  periods  of  darkness.  I  shall  return  to 
this  point  later. 

It  is  also  possible  that  the  existence  of  such  a  bound  form  of  phosphogly- 
ceraldehyde, with  a  block  towards  its  oxidation,  could  account  for  the  report- 
ed lack  of  aldolase  in  seme  photosynthetic  organisms  (10,11,12).  a  reversal 
of  the  condensation  reaction  leading  to  fructose-l,6-<ilphosphate  would  give 
dihydroxyacetone  phosphate  and  bound  glyceraldehyde  phosphate.  Aldolase  is 
known  to  bind  dihydroxyacetone  phosphate  (13)  as  a  Schiff  base.  Conceivably 
scxne  organisms  bind  both  triose  phosphates  so  tightly  that  they  can  only  be 
liberated  by  the  condensation  reaction  leading  to  fructose-l,6-diphosphate. 
One  might  expect  the  pool  of  free  dihydroxyacetone  phosphate,  commonly 
observed  in  studies  of  photosynthesis  in  leaves  and  in  Chlorella  with  -'■^C02, 
to  be  missing  fron  such  organisms. 

I  would  now  like  to  focus  attention  on  our  mere  recent  kinetic  studies.  In 
most  of  these  experiments  we  establish  a  condition  of  steady  state  photosyn- 
thesis in  which  all  reactions  are  proceeding  at  a  constant  rate  and  in  which 
the  intermediate  pool  sizes  are  maintained  at  constant  levels  ('^jO^'.  We  then 
introduce  I'^COp  in  a  step  function  in  such  a  way  that  the  specific  activity  of 
the  added  tracer  comes  immediately  to  its  final  value  and  is  mintained  there 
during  the  course  of  the  experiment.  The  addition  of  the  tracer  is  acccmpanied 
by  no  other  environmental  change.  Saiiples  may  be  taken  immediately  following 
the  addition  of  the  14C02  at  frequent  intervals  and  continuing  through  the 
time  when  intermediates  of  the  carbon  reduction  cycle  have  become  "saturated" 
with  radiocarbon. 

From  the  initial  slopes  of  the  labeling  curves  upon  introduction  of  1^C02, 
we  can  calculate  rates  of  flow  of  I4c  through  specific  intermediate  pools.    ^^ 
From  the  level  of  radioactivity  in  specific  compounds  when  they  are  "saturated 
we  can  determine  the  concentration  of  the  actively  turning  over  pool,  by 
dividing  the  total  radioactivity  by  the  specific  radioactivity  of  the  1^^002 
which  is  maintained  constant  and  is  measured.  Following  "saturation"  of  inter- 
mediates of  the  carbon  cycle,  we  may  vary  sane  environmental  factor,  such 
as  light  or  CO2  pressure,  and  follow  the  changes  in  concentration  in  the 
actively  turning  over  pools  which  are  seen  as  changes  in  the  total  radio- 
activities of  these  nools  (l,2j3,lM jl5) . 
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In  the  first  of  our  more  recent  studies,  we  investigated  the  kinetics  of 
the  labeling  of  ribulose  diphosphate  and  of  PGA  in  vivo.  We  found  that  from 
the  beginning  of  the  period  of  steady  state  synthesis  with  1^002  until  satur- 
ation of  the  intermediates,  the  specific  raxiioactivity  of  PGA  was  always 
considerably  higher  than  that  of  RuDP  (2).  if  the  carboxylation  of  RuDP  results 
in  the  formation  of  two  molecules  of  PGA,  then  the  carboxyl  group  of  one  of 
every  two  PGA  molecules  will  contain  the  newly  incorporated  l^C. 

To  test  this  model,  we  subtracted  from  the  total  PGA  radiocarbon  an  amount 
of  I'^C  radioactivity  which  would  correspond  to  the  radioactivity  expected  in 
this  carboxyl  if  the  model  were  correct.  Since  this  carboxyl  group  would  rapid- 
ly saturate  if  the  model  were  correct,  this  involved  subtracting  1/2  x  1/3  = 
1/6  of  the  saturation  level  of  radiocarbon  in  PGA  after  about  30  seconds.  The 
remaining  1^0  which  would  have  to  be  derived  from  the  RuDP  carbon  atctns  was 
compared  with  the  I'^C  in  RuDP.  The  remaining,  or  residual,  PGA  carbon  atcxns 
were  found  to  be  labeled  to  a  higher  degree  of  saturation  than  the  average  of 
the  five  atoms  of  RuDP,  suggesting  that  this  model  (2  molecules  of  PGA  per 
carboxylation)  was  incorrect. 

Using  a  different  model  in  which  only  one  PGA  molecule  was  formed,  and  in 
which  it  was  formed  from  the  newly  incorporated  1^^002  and  carbon  atoms  1  and 
2  of  RuDP,  a  similar  calculation  showed  that  the  residual  carbon  atoms  of  PGA 
were  not  labeled  more  rapidly  than  the  average  of  the  five  RuDP  carbon  atans 
until  after  50  seconds.  In  this  case  there  was  no  contradiction  between  model 
and  data  even  after  50  seconds,  since  we  know  that  carbon  atoms  1  and  2  of 
RuDP  are  more  quickly  labeled  than  the  carbon  atans  3,  4  and  5  (D. 

Prom  this  data  and  reasoning,  we  concluded  that  the  carboxylation  of  RuDP 
leads  to  only  one  molecule  of  PGA  in  equilibrium  with  the  PGA  pool.  The  other 
three  carbon  atoms  fron  RuDP  appear  to  have  been  converted  either  to  a  form  of 
bound  PGA  not  in  equilibrium  with  the  pool,  or  to  sane  other  molecule.  We 
speculated  that  if  the  in  vivo  reaction  were  reductive,  the  other  molecule 
might  be  triose  phosphate. 

It  was  noted  earlier  that  the  radioactivity  in  PGA  does  not  alviays  extra- 
polate to  100^  at  zero  time  (D.  Scmetimes  such  extrapolation  gives  10-15!S 
I'^C  in  sugar  phosphates  at  zero  time.  This  finding  suggests  that  it  is  not 
only  the  three  carbon  moiety  derived  fron  carbons  3,^^  and  5  of  RuDP  which  may 
not  be  in  equilibrium  with  the  PGA  pool.  It  appears  that  seme  of  the  PGA 
labeled  with  the  newly  incorporated  I'^C  in  the  carboxyl  group  is  also  bound, 
perhaps  to  an  enzyme,  and  converted  to  sugar  phiosphates  without  freely  equil- 
ibrating with  the  PGA  pool. 

The  experimental  evidence  suggesting  that  the  newly  incorporated  l^C  does 
not  all  pass  through  the  free  pool  of  PGA  praipted  us  to  perform  further 
kinetic  studies  on  the  labeling  of  intermediates  of  the  carbon  cycle  during 
photosynthesis.  Light-dark  transient  studies  were  performed  (16)  under  condi- 
tions of  steady  state  photosynthesis.  As  in  earlier  light-dark  transient  studies 
(14, 17) J  the  level  of  PGA  rose  and  the  level  of  ribulose  diphosphate  fell  when 
the  light  was  turned  off.  However,  under  the  more  nearly  steady  state  condi- 
tions used  in  the  more  recent  study,  the  concentration  of  fructose  diphosphate 
was  higher  than  that  of  ribulose  diphosphate  and  both  diphospl-iates  fell  to 
zero  in  concentration  in  the  dark  with  equal  rapidity.  Sedoheptulose  diphos- 
phate concentration  also  dropped,  and  the  sum  of  the  drops  of  these  three 
diphosphates  was  not  more  than  equal  to  the  transient  rise  in  PGA  concentra- 
tion. The  levels  of  dlhydroxyacetone  phosphate  and  of  fructose-6-nhosnhate 
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also  declined,  suggesting  that  some  of  the  rise  in  PGA  concentration  might  be 
due  to  a  momentary  reoxidation  of  sugar  phosphates  in  addition  to  that  result- 
ing from  continuing  carboxylation  of  ribulose  diphosphate  coupled  with  a  cess- 
ation of  the  reduction  of  PGA  to  sugar  phosphate. 

To  investigate  this  point  further,  we  undertook  a  kinetic  study  of  the  car- 
bon labeling  of  cycle  intermediates  in  preilluminated  Chlorella.  Following  a 
period  of  steady  state  photosynthesis  the  light  was  turned  off  and  1^002  was 
immediately  added  without  any  alteration  in  the  total  level  of  CO2  which  was 
maintained  at  about  2%, 

Some  of  the  results  of  this  experiment  are  shown  in  Fig.  2.  There  was  a  rapid 
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Fig.  2.  Fixation  of  ^'^C  into  compounds  in  Chlorella  following  prelllumination. 
Sugar  monophosphates  include  monophosphates  of  fructose,  glucose,  sedoheptulose, 
ribose  and  ribulose.  "Total  l^C  fixed"  includes  all  radioactive  compounds, 
including;  those  on  the  origin,  found  on  the  chraaatcgram. 

initial  uptake  of  I'^COn  during  the  first  15  seconds.  This  was  followed  by  a 
tenporary  decrease  in  l^C-labeling  of  the  canpounds.  Presumably  sane  of  the 
newly  incorporated  I'^C  was  respired.  After  this  drop,  a  slight  loss  of  newly 
incorporated  l^C  in  such  products  as  sugar  mcnonhosphate  occurs  during  the  per- 
iod from  15-30  seconds.  Thereafter,  l^C  in  these  compounds  remains  essentially 
constant . 
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This  ^^C  labeling  curve  of  sugar  phosphates  suggests  that  there  is  a  mech- 
anism which  allows  only  a  small  amount  of  reoxidation  of  the  newly  photosyn- 
thesized  sugar  phosphates  and  then  blocks  further  oxidation  of  these  sugar 
phosphates  by  triose  phosphate  dehydrogenase  type  reactions.  Prom  the  usual 
ccncept  of  the  PSCR  cycle  in  which  PGA  is  reduced  by  triose  phosphate  dehydro- 
genase in  the  presence  of  ATP  and  NADPH,  one  might  have  predicted  that  once 
these  cofactors  were  exhausted  in  the  dark,  the  triose  phosphate  dehydrogenase 
reaction  would  be  reversed  and  the  newly  formed  sugar  phosphates  rapidly 
oxidized.  Thus  the  result  obtained  here  suggests  once  again  the  possibility 
that  phosphoglyceraldehyde  in  the  PSCR  cycle  exists  only  in  an  enzyme-bound 
form  which  cannot  readily  be  oxidized.  This  hypothesis  would  require  a  coro- 
llary -  the  formation  of  the  bound  phosphoglyceraldehyde  directly  from  an 
intemediate  in  the  carboxylation  reaction  rather  than  from  reduction  of  PGA. 

Another  interesting  point  seen  in  the  preillumination  study  is  the  rapid 
rate  of  labeling  of  sugar  monophosphates  between  5  and  10  seconds.  This  rate  is 
equal  in  magnitude  to  that  of  the  labeling  of  PGA  despite  the  fact  that  during 
this  period  the  PGA  carboxyl  group  in  all  probability  can  be  no  more  than  20  - 
30%  saturated.  (2)  r^^^   rapid  labeling  of  sugar  monophosphates  at  a  time  when 
the  PGA  pool  is  only  partly  labeled  appears  to  be  rather  direct  evidence  for 
the  reduction  of  seme  bound  form  of  newly  incorporated  1^^002  which  is  not  in 
equilibrium  with  the  PGA  pool. 

I  have  mentioned  several  bits  of  evidence  which  suggest  the  possibility  that 
a  carboxylation  intermediate  proceeding  PGA  might  be  converted  directly  to  the 
sugar  phosphates  without  equilibration  of  label  between  the  intennediate  com- 
pound and  PGA.  From  the  standpoint  of  chemical  possibilities  the  most  likely 
reaction  for  the  acconplishment  of  this  direct  conversion  would  sean  to  be  a 
reductive  carboxylation  reaction.  However,  the  in  vitro  enzyme  systen  for  car- 
boxylation of  ribulose  diphosphate  accomplishes  only  the  non-reductive  dismuta- 
tion  to  give  two  molecules  of  PGA.  There  is  to  date  no  enzymic  evidence  what- 
ever for  a  reductive  carboxylation.  One  must  suppose  that  If  such  a  reaction 
exists,  it  is  mediated  by  some  organized  or  multifunctional  enzyme  system 
which  is  most  difficult  to  isolate  intact  fran  the  living  system. 

In  looking  for  reasons  why  such  a  system  might  be  difficult  to  isolate,  one 
could  propose  that  the  system  is  particulate  or  an  enzyme  of  high  molecular 
weight,  and  that  the  system  is  easily  disrupted  into  soluble  enzymes  of  smaller 
molecular  weight  which  lack  the  necessary  organization.  A  more  plausible  reason 
would  be  that  in  the  in  vivo  system  there  is  some  direct  link  between  the  photo- 
chemical reactions  which  produce  ATP  and  electrois,  and  the  carbon  reducing 
system.  This  link  might  then  be  lost  when  the  system  is  isolated.  We  know  that 
the  green  lamellar  structures  which  carry  out  the  photochemical  reactions  can 
be  rather  easily  separated  from  the  soluble  carbon  fixing  enzymes  (18). 

When  phosphopyridine  nucleotide  reductase  (PPrJR),  discovered  by  San  Pietro 
(19,20)  J  was  shown  by  Tagawa  and  Amon  (21)  to  be  a  non-heme  iron  protein  of 
the  ferredoxin  type  (22,23)  it  became  a  good  candidate  as  the  link  between  the 
photochemical  apparatus  and  the  carbon  photosynthetic  apparatus  of  photosyn- 
thesis. It  iias  been  generally  supposed  thiat  chloroplast  ferredoxin  or  FPl^l 
mediates  the  transfer  of  electrons  from  the  light  reaction  to  NADPH,  with  the 
latter  cofactor  then  being  used  to  bring  about  the  reductions  of  the  carbon 
reduction  cycle.  However,  ferredoxin  is  a  stronger  reducing  agent  tiian  fJADPH, 
being  comparable  to  tl2.  If  it  were  used  directly  in  the  carbon  reducing 
reactions,  only  one  molecule  of  ATP  per  two  electrons  of  reducing  agent  would 
be  required  ratiier  than  one  and  one  half  molecules  of  ATP  per  two  electrons  as 
would  be  the  case  with  IJADPH  as  sole  reducing  cofactor  (5,2'i-;.  i  iiave  proposed 
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that  ferredoxin  reduces  an  enzyme  disulfide  to  disulfhydryl  and  that  the  enzyme 
disulfhydryl  in  turn  functions  directly  in  the  reductive  carboxylation  reaction 
(24). 

It  is  also  possible  that  ferredoxin  could  function  directly  in  the  carbon 
reducing  reaction.  Valentine  et_  al.  (25)  have  shown  that  in  the  oxidation  of 
pyruvate  in  Chlostridlum  acidi-urici,  ferredoxin  takes  the  place  occupied  by 
lipoic  acid  in  other  systems  and  mediates  the  electron  transfer  between  pyru- 
vate and  NAD.  Since  ferredoxin  contains  free  sulfide  groups  we  may  suppose 
that  it  is  functioning  here  as  a  disulfide  cofactor  similar  to  lipoic  acid,  and 
that  it  is  accepting  an  acetaldehyde  moiety  from  the  carboxylation  of  pyruvate. 
By  analogy  with  the  lipoic  acid  system,  we  may  suppose  that  the  intermediate 
is  acetyl  ferredoxin  sulfhydryl  which  then  reacts  with  inorganic  phosphate  to 
produce  acetyl  phosphate  and  ferredoxin  disulfhydryl. 

Possibly  ferredoxin  contains  chains  of  PeS-FeS-FeS . .  arranged  so  that  two  of 
the  terminal  sulfides  have  the  same  orientation  as  the  disulfide  of  a  lipoic 
acid  molecule.  At  the  other  ends  of  these  FeS  chains,  the  Fe+3  atoms  could 
accept  electrons  which  would  then  be  transported  along  the  chain  to  the  di- 
sulfide grouping  which  would  then  become  disulfhydryl.  In  this  way,  the  ferre- 
doxin could  function  as  a  mediator  between  one  electron  and  two  electron  oxida- 
tion reduction  reactions. 

Accepting  electrois  singly  from  the  photochemical  apparatus  of  the  green 
cell,  ferredoxin  might  transfer  two  electrons  at  the  potential  of  hydrogen  gas 
to  the  enzyme  system  responsible  for  the  reductive  carboxylation  reaction.  With- 
out attanpting  to  guess  the  detailed  mechanism  of  this  carboxylation  reaction, 
we  may  nonetheless  note  that  it  bears  a  formal  similarity  to  a  reversal  of  the 
pyruvate  oxidation  discussed  above. 

With  these  thoughts  in  mind,  we  have  attempted  to  investigate  the  kinetics 
of  the  carbon  cycle  of  photosynthesis  in  the  presence  of  added  chanical  agents 
which  might  interact  with  disulfide  disulfhydryl  systems.  In  one  such  study  (26) 
we  allowed  Chlorella  to  photosyntheslze  in  the  presence  of  1^002  for  about  10 
minutes  under  steady  state  conditions  at  pH  5.0.  Without  disrupting  these 
conditions  we  introduced  an  amount  of  8-methyl  lipoic  acid  which  gave  an  approx- 
imately 0.5  milliraolar  solution  of  this  lipoic  acid  analog.  Preliminary  studies 
had  shown  that  such  an  addition  caused  an  immediate  complete  inhibition  of 
oxygen  evolution  and  CO2  uptake. 

The  effect  of  the  addition  of  this  inhibitor  upon  the  levels  of  various  in- 
termediates of  the  carbon  reduction  cycle  and  other  photosynthetic  products  are 
shown  in  Figs.  3  and  4.  The  most  dramatic  effect  is  the  immediate  drop  in  the 
level  of  PGA  which  falls  during  the  first  15  seconds  after  addition  of  the 
inhibitor  to  about  lA   of  its  steady  state  value.  At  the  same  time,  the  levels 
of  fructose  diphosphate  and  of  sedoheptulose  diphosphate  rise  quite  rapidly. 
Surprisingly,  in  view  of  the  PGA  effect,  ribulose  diphosphate  undergoes  only  a 
small  positive  transient  and  then  a  slight  decrease  to  a  constant  level.  It  was 
noted  that  lipoic  acid  itself  also  caused  inhibition  of  photosynthesis,  and  in 
more  recent  but  unpublished  experiments  we  find  that  the  effects  of  8-methyl 
lipoic  acid  are  reproduced  by  the  same  concentration  of  lipoic  acid. 

If  the  disulfide  compound  which  v;e  have  added  is  accepting  electrons  from 
the  light  reaction  and  thereby  keeping  them  frcm  being  used  in  carbon  reduction, 
one  might  expect  the  resulting  transient  changes  in  the  intermediates  of  the 
carbon  cycle  to  resemble  those  seen  upon  turning  off  the  light.  It  is  clear 
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Fig.  3.  Effects  of  8-methyl  lipolc  acid  on  labeling  of  ccmpounds  with  ^^C 
during  photosynthesis  with  -"-^COp.  A  Sucrose,   O f ructose-1 , 6-dlphosphate , 
B sedoheptulose-l,7-diphosphate,  □  glucose  "diphosphate",  •PGA. 

that  this  is  by  no  means  the  case,  since  PGA  drops  instead  of  increasing  and 
since  rlbulose  diphosphate  does  not  drop  Irrmedlately  to  zero  concentration.  The 
extremely  rapid  drop  in  PGA  concentration  requires  either  that  the  carboxylation 
reaction  leading  to  the  formation  of  PGA  be  inhibited  or  that  the  reduction  of 
PGA  be  greatly  accelerated.  The  latter  possibility  is  not  borne  out  by  the 
transient  behavior  of  other  carbon  fixation  products.  Although  there  Is  a  rise 
in  the  fructose  and  sedoheptulose  diphosphates,  there  is  a  corresponding  drop 
In  their  monophosphates,  which  would  not  be  expected  frcan  an  acceleration  of 
PGA  reduction. 


Thus  we  are  left  with  a  dramatic  inhibition  of  reactions  leading  to  PGA,  but 
without  a  conconittant  Increase  in  the  level  of  rlbulose  diphosphate  which  we 
would  expect  if  the  carboxylation  of  rlbulose  diphosphate  to  give  PGA  were 
stopped.  Perhaps  in  addition  to  the  inhibition  of  the  carboxylation  of  rlbulose 
diphosphate  to  give  PGA,  there  is  a  subsequent  inhibition  of  the  formation  of 
ATP.  This  would  prevent  the  level  of  rlbulose  diphosphate  from  rising. 

Another  possibility  Is  that  in  the  in  vivo  system  phosphate  groups  frcm  the 
no.  1  carbon  atoms  of  fructose  and  sedoheptulose  diphosphates  are  transferred 
to  rlbulose-5-phosphate  to  make  ribulose-l,5-dlphosphate.  This  would  account 
for  the  apparent  inhibition  of  the  conversion  of  the  hexose  and  heptose  diphos- 
phates to  their  monophosphates.  Whatever  the  precise  explanation  of  the  various 
effects  of  the  disulfide  compounds  may  prove  to  be.  It  is  clear  that  these 
substances  Interfere  suddenly  and  dramatically  with  the  carbon  reduction  cycle. 
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Fig.  4.  Effects  of  8-methyl  llpoic  acid  on  labeling  of  conpounds  with  l^C 
during  photosynthesis  with  l^COp.   A  Glucose-6-phosphate,  # sedoheptulose-?- 
phosphateT  O  fructose-6-phosphate,  Dribulose-l,5-diphosphate. 

The  inmediacy  of  their  effects  makes  it  seen  plausible  to  suppose  that  they  are 
interferring  in  some  way  with  electron  transport  by  compounds  with  disulfide 
groups. 

We  have  recently  carried  out  experiments  under  our  steady  state  conditions 
of  photosynthesis  with  1^C02  i"  which  CO2  in  air  is  suddenly  replaced  by  nitro- 
gen. After  about  10  minutes  the  1^^002  in  air  is  again  added  to  the  photosynthe- 
sizing  algae.  The  results  of  these  experiments  are  shown  in  Figs.  5  and  6.  The 
drop  in  the  level  of  PGA  and  the  rise  and  fall  in  the  level  of  ribulose  diphos- 
phate are  similar  to  those  noted  by  Wilson  and  Calvin  (15).  The  behavior  of  the 
intermediates  on  addition  of  1^002  again  is  quite  interesting.  As  would  be 
expected,  the  level  of  ribulose  diphosphate  falls  while  that  of  PGA  rises  as 
the  carboxylation  reaction  resumes.  l\fhat  is  intriguing  is  the  fact  that  the 
level  of  fructose  diphosphate  rises  as  rapidly  as  that  of  PGA  during  the  first 
few  seconds.  This  is  an  additional  bit  of  evidence  for  the  direct  conversion  of 
the  carboxylation  intermediates  to  sugar  phosphate  without  equilibration 
through  the  PGA  pool. 

Another  interesting  point  is  the  fact  that  fructose  diphosphate  and  sedohep- 
tulose  phosphate  rise  and  then  fall  after  the  readdition  of  the  l^^COp.  Why  do 
they  fall?  One  could  argue  that  the  initial  carboxylation  reaction  is  faster 
than  usual  because  of  the  high  level  of  ribulose  diphosphate,  and  that  once  the 
ribulose  diphosphate  has  been  depleted,  the  carboxylation  reaction  becomes 
slower.  However,  the  level  of  PGA  which  continues  to  rise  for  many  minutes  be- 
lies this  argument.  Perhaps  the  explanation  is  to  be  found  in  the  previously 
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Fig.  5.  Effects  of  sudden  ranoval  and  readditlon  of  CO?  on  levels  of  PSCR  cycle. 
Sugar  monophosphates.  #  Glucose  monophosphate,  O sedoheptulose  monophosphate, 
■  fructose  monophosphate. 


suggested  transfer  of  Ci  phosphate  groups  from  fructose  diphosphate  and  sedo- 
heptulose diphosphate  to  ribulose  monophosphate.  This  transfer  which  might 
initially  be  inhibited  by  the  high  level  of  ribulose  diphosphate  would  accelerate 
as  the  level  of  ribulose  diphosphate  decreases. 

In  summary,  while  recent  kinetic  studies  of  the  carbon  reduction  cycle  of 
photosynthesis  confirm  the  cycle  in  essentially  the  form  in  which  it  was  pro- 
posed ten  years  ago,  there  is  a  scattering  of  evidence  which  suggests  that  the 
in  vivo  cycle  might  vary  somewhat  in  its  mechanistic  details  from  the  cycle 
which  was  proposed  at  that  time.  First  there  is  a  variety  of  kinetic  evidence 
which  suggests  the  direct  conversion  of  the  carboxylation  intermediate  compound 
to  the  level  of  sugar  phosphate  without  complete  equilibration  with  the  free 
pool  of  PGA.  Secondly,  there  is  some  indication  that  when  the  light  is  turned 
off  there  is  only  a  partial  brief  reoxidation  of  sugar  phosphate  via  triose 
phosphate  dehydrogenase  and  that  this  period  is  followed  by  a  block  on  this 
reoxidation.  Third,  some  experiments  suggest  the  possibility  of  direct  transfer 
of  phosphate  groups  from  the  no.  1  carbon  atoms  of  hexose  and  heptose  diphos- 
phates to  ribulose  monophosphate.  Fourth,  the  dramatic  effects  of  disulfide 
compounds  on  the  carbon  reduction  patterns,  and  other  biochemical  considerations 
argue  for  a  role  of  disulfide  compounds,  perhaps  including  ferredoxin,  in  med- 
iating a  reductive  carboxylation  of  ribulose  diphosphate  to  give  sugar  phos- 
phates directly.  A  separate  but  related  possibility  is  that  some  of  the  newly 
incorporated  carboxyl  carbon  is  also  reduced  to  the  level  of  sugar  phosphate 
without  an  opportunity  for  equilibration  with  the  free  PGA  pool.  Such  a  direct 
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Pig.  6.  Effects  of  sudden  removal  and  readditlon  of  CO2  on  levels  of  PSCR  cycle. 
Sugar  diphosphates  and  PGA.  •  Ribulose-l,5-diphosphate,  D 3-phosphoglyceric 
acid ,  B  f ructose-1 , 6-diphosphate ,  O  sedoheptulose-1 , 7-diphosphate . 

reduction  of  newly  incorporated  carbon  to  the  level  of  bound  triose  phosphate 
would  be  required  if  we  are  to  invoke  the  bound  glyceraldehyde  phosphate  moiety 
as  an  explanation  for  the  asymmetry  of  the  hexose  phosphate  labeling  and  the 
slow  labeling  of  carbon  atan  '4  of  sedoheptulose  phosphate. 

The  mediation  of  the  reactions  of  the  cycle  may  be  accomplished  by  a  multi- 
functional, organized  enzyme  systan.  This  systan  should  be  closely  linked  to 
the  photochemical  apparatus,  perhaps  by  such  a  compound  as  PPIE  (chloroplast 
ferredoxin).  The  systan  should  include  enzyme  "handles"  for  holding  some  of  the 
intermediate  compounds  in  a  bound  form.  Bound  forms  might  include  glycolalde- 
hyde,  bound  to  thiazolium  groups  in  transketolase  reactions,  and  aldehyde 
moieties  bound  to  disulfide/disulfhydryl  groups  in  carboxylation,  condensation 
and  epimerisation  reactions. Attenpts  to  isolate  active  enzymes  from  the  cell  may 
result  in  the  loss  of  the  organization  and  primary  enzymic  activities.  Residual 
enzymic  activities  found  in  the  soluble  isolated  protein  could  mimic  the  reactions 
of  the  intact  system.  Such  activities  might  well  be  variable  and  in  many  cases 
inadequate  to  accomplish  the  reactions  of  the  PSCR  cycle  at  anything  like  the 
in  vivo  rate. 
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GLYCOLATE  PATHWAY 


N.  E.  Tolbert 


During  C^^02  photoS5mthesis ,  glycolate  and  its  derivatives 
become  labeled.   The  sequence  of  reactions  producing  this  pat- 
tern of  labeling  is  referred  to  here  as  the  glycolate  pathway 
(1).   These  reactions  are  thought  to  be  a  metabolic  process 
which  occurs  after  fixation  of  the  CO2  by  the  photosynthetic 
carbon  cycle.   The  following  formulation  of  this  pathway  and  its 
relation  to  other  metabolic  processes  is  based  on  information 
in  numerous  publications  since  1950. 
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Magnitude  of  the  Glycolate  Pathway 

To  obtain  a  picture  of  the  quantitative  significance  of  the 
pathway,  amounts  of  C-'^'*  in  the  reservoirs  of  phosphoglycolate, 
glycolate,  glycine  and  serine  should  be  considered  together.   The 
glycolate  pathway  is  blocked  by  a-hydroxysulf onates  which  inhibit 
glycolate  oxidase  (2)  and  by  isonicotinyl  hydrazide,  an  inhibitor 
of  transaminase  (3).   When  either  inhibitor  is  used  with  in  vivo 
photosynthesis  a  remarkable  accumulation  of  C''-'*  in  glycolate 
products  results,  for  over  507o  of  the  fixed  C^'*02  in  10  minutes 
may  be  present  in  glycolate  and  glycine.   According  to  Zelitch 
and  Whittingham  this  accumulation  occurs  without  a  decrease  in 
the  rate  of  CO2  fixation.   However,  Asada  and  Kasai  (4)  observed 
over  707o  inhibition  of  photosynthesis  by  0.01  M  a-hydroxysulf  on- 
ates.  Such  results  suggest  that  much  of  the  C-"^^  newly  fixed 
during  photosynthesis  is  metabolized  by  the  glycolate  pathway. 

Even  without  inhibitors  a  very  large  proportion  of  the  fixed 
CO2  is  found  in  glycolate,   Warburg  and  Krippahl  (5)  reported 
that  Chorella  during  a  10  min.  period  converted  92%  of  the  fixed 
CO2  into  glycolate-.   We  have  not  achieved  such  yields  with  Chlor- 
ella,  but  have  approached  such  values  with  Chlamydomonas ,   Also, 
we  can  treat  chloroplasts  so  that  757o  of  the  fixed  C-'-'^Oa  will 
appear  in  glycolate.   Experiments  were  reproducible  from  day  to 
day  with  Chlamydomonas,  but  over  periods  of  months  values  were 
obtained  which  ranged  from  25  to  75%  of  the  total  C-'-'*  which  ac- 
cumulated in  glycolate  products.   Many  plant  materials  produce 
much  less  glycolate  products,  but  they  all  produce  significant 
amounts  in  brief  periods  of  photosynthesis.   It  should  be  empha- 
sized that  glycolate  accumulation  occurs  in  particularly  large 
amounts  with  young  tissue  or  with  algae  in  the  log  phase  of 
growth.   Algae  of  mixed  ages  can  give  misleading  results.   Older 
tissue  or  tissues  partially  inhibited  by  water  deficits  and  mis- 
treatment will  incorporate  much  of  their  C^^  into  sucrose.   With 
care  and  with  young  tissue  50%  of  the  C''^  fixed  during  a  10- 
minute  photosynthetic  period  in  air  will  be  found  in  glycolate 
products  when  one  uses  wheat,  barley,  sugarbeets,  Ankistrodesmus , 
Chlamydomonas  and,  sometimes,  Chlorella, 

Distribution  of  C-*-"^  in  Components 

Calvin's  group  showed  that  glycolate  produced  during  photosyn- 
thesis had  the  same  specific  activity  in  both  carbon  atoms  (6). 
Thus  all  subsequent  products  of  the  glycolate  pathway  should  be 
uniformly  labeled.   We  found  that  serine  after  4  seconds  of  photo- 
sjmthesis  was  uniformly  labeled  (1)  even  though  the  phosphogly- 
cerate  from  the  same  experiments  had  20  times  more  C^"^  in  the  car- 
boxyl  carbon  than  in  the  a  and  p  carbons.   Therefore  the  serine 
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could  not  have  been  formed  directly  from  phosphoglycerate ,  but 
could  have  been  formed  from  glycolate.   The  glycolate  pathway  re- 
sults in  the  production  of  uniformly  labeled  glycerate  (1),  which 
in  turn,  produces  uniformly  labeled  hexoses ,  instead  of  3,4-labeled 
hexoses  as  expected  by  the  photosynthetic  carbon  cycle.   The  rapid 
incorporation  of  specific  C^^-labeled  glycolate,  glycine  and  ser- 
ine into  glycerate  and  sugars  and  the  corresponding  labeling  pat- 
terns in  these  products  have  been  sufficiently  documented  to  es- 
tablish this  part  of  the  sequence  (1,  7,  8,  9).   Sucrose  synthe- 
sis by  this  pathway  occurs  in  the  light;  in  the  dark  glycolate  is 
metabolized  to  malate.   However  several  anomalies  still  exist. 
Free  glycerate  is  produced  by  the  glycolate  pathway.   Plant  enzymes 
are  known  for  this  synthesis,  since  a  glyoxylate-serine  transam- 
inase produces  hydroxypyruvate  (E.  R.  Waygood ,  personal  communica- 
tion) which  in  turn  is  reduced  by  D-glycerate  dehydrogenase  (10). 
Nevertheless,  the  bulk  of  the  free  glycerate  in  all  plants  exam- 
ined has  been  carboxyl  labeled  during  photosynthesis  (1,  11),  even 
though  the  large  serine  reservoir  is  uniformly  labeled.   Thus  the 
free  glycerate  pool  in  some  plants  is  derived  mostly  from  phospho- 
glycerate, although  uniformly  labeled  glycerate  is  produced  by  the 
glycolate  pathway.   Wang  and  Burris  (8)  have  also  observed  con- 
siderable phosphoserine  whose  function  is  unknown  except  that  it 
could  lead  to  uniformly  labeled  phosphoglycerate. 

An  exception  to  the  above  C^"*  distribution  patterns  was  the 
label  found  in  serine  produced  by  isolated  chloroplasts.   Only  a 
small  amount  of  serine  was  formed  during  CO2  fixation  by  whole 
chloroplasts,  but  it  was  carboxyl  labeled  and  probably  came  di- 
rectly from  phosphoglycerate  (W.  Chang  and  N.  E.  Tolbert,  unpub- 
lished).  The  same  isolated  chloroplasts  produced  more  glycine 
than  serine,  and  the  glycine  was  uniformly  labeled  as  if  it  came 
from  glycolate.   Glycine  conversion  to  serine  did  not  occur  read- 
ily in  chloroplast  preparations.   Thus,  there  seems  to  be  two  ser- 
ine pools,  one  in  the  chloroplast  which  is  formed  from  phosphogly- 
cerate and  one  elsewhere  which  is  formed  by  the  glycolate  pathway. 

Origin  of  Glycolate 

Phosphogl ycol ate :   The  amount  of  phosphoglycolate  is  difficult 
to  determine  for  it  nearly  cochromatographs  with  phosphoglycerate 
(12),   Another  reason  for  inaccurate  estimation  of  phosphoglycol- 
ate is  the  presence  of  an  active  phosphatase  which  hydrolyzes  this 
ester  (13).   This  phosphatase  is  stable  in  dilute  methanol  (14), 
acetone  and  ethanol ,  and  often  it  may  not  be  destroyed  during  kill- 
ing procedures.   When  isolated  chloroplasts  were  treated  to  pro- 
duce glycolate  products,  a  large  amount  of  C^'*  was  found  in  phos- 
phoglycolate (15,  16)  in  part  because  the  chloroplasts  had  lost 
much  of  the  phosphatase.   Because  phosphoglycolate  is  a  C-'^'^Oa 


651 


N.  E.  Tolbert 


fixation  product  and  a  specific  phosphatase  for  its  hydrolysis 
exists,  it  seems  probable  that  phosphoglycolate  is  the  immediate 
precursor  of  glycolate.   Past  theories  for  glycolate  biosynthesis 
should  be  reconsidered  to  include  the  phosphate  ester. 

Ci  plus  d  condensation:   Synthesis  directly  from  CO2  would 
produce  uniformly  labeled  glycolate  as  is  actually  observed. 
Proposals  for  such  a  pathway  have  not  yet  been  supported  by  con- 
vincing data  (17,  18). 

Carbon  cycle:   It  has  long  been  postulated  by  many  of  us  that 
glycolate  arose  from  a  sugar  phosphate  of  the  photosynthe tic  car- 
bon cycle,  but  space  limitation  does  not  permit  an  extensive  re- 
view of  this  literature.   Bassham,  Benson,  Calvin,  et  al_.  (19) 
demonstrated  that  carbons  1  and  2  of  RuDP ,  hexose  phosphate  and 
sedoheptulose  phosphate  were  uniformly  labeled  and  could  thus 
give  rise  to  a  uniformly  labeled  C2  moiety.   Ribose-l-C^"*  added 
in  vivo  and  ribose-5-phosphate-l-C-'-'*  added  in  vitro  gave  rise  to 
glycine-2-C^'*  (20,  21,  22).   Such  results  are  consistent  with 
cleavage  between  C2  and  C3  of  a  keto  sugar  phosphate  so  that  car- 
bon 2  of  the  sugar  became  the  carboxyl  of  glycolate.   These  re- 
actions can  be  modeled  after  TPP  linked  transketolase ,  except 
that  a  free  C2  piece  would  be  liberated  rather  than  transferred. 
Several  points  about  this  theory  await  clarification.   The  yields 
of  glycine  from  ribose-5-phosphate  have  been  small,  and  no  one 
has  detected  the  cleavage  enzyme.   Small  yields  with  crude  en- 
zymes are  suspect,  particularly  since  RuDP  nonenzymatically  de- 
composes into  a  multitude  of  products  including  C2  pieces.   In 
Bradbeer  and  Racker's  abstract  (23)  on  the  production  of  free 
glycolate  from  f ructose-6-phosphate  in  the  light  by  chloroplasts , 
the  yields  were  also  very  small.   Since  phosphoglycolate  appears 
to  be  the  precursor  of  glycolate,  the  sugar  should  be  a  diphos- 
phate, which  is  not  known  to  be  cleaved  by  transketolase.   Thus 
phosphoglycolate  formation  might  arise  from  a  cleavage  of  xylu- 
lose, fructose  or  sedoheptulose  diphosphates.   RuDP  should  not 
be  a  precursor,  because  it  does  not  have  the  necessary  transcon- 
figuration of  the  hydroxyl  groups  between  carbons  3  and  4  as  is 
generally  required  by  aldolases,  transaldolases  and  transketo- 
lases.   Phosphoglycolaldehyde  might  be  a  precursor  for  phospho- 
glycolate.  Although  aldolase  has  been  shown  to  catalyze  the 
formation  of  xylulose  diphosphate  from  glycolaldehyde  phosphate 
plus  dihydroxyacetone  phosphate  (24),  the  reverse  of  this  reaction 
would  produce  the  C2 -phosphate  from  carbons  4  and  5  of  the  pen- 
tose.  During  photosynthesis  these  two  carbons  are  also  equally 
labeled  with  C^^^ 

Recently  we  have  examined  two  facets  of  this  problem.   A 
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glycolaldehyde  phosphate  dehydrogenase  system  producing  NADPH,  ATP 
and  phosphoglycolate  was  reported  in  abstract  (25).   However,  the 
results  have  not  been  consistently  reproducible.   No  data  exist 
which  implicates  xylulose  diphosphate  in  photosynthesis.   When 
the  ribulose  diphosphate  area  from  paper  chromatograms  of  C-'^'^Oa 
photosynthesis  experiments  was  treated  with  acid  phosphatases 
free  of  3-epimerase,  12  to  25%  of  the  C-"-^  followed  xylulose  on 
ion  exchange  borate  columns  (G.  Orth  and  N.  E.  Tolbert,  unpub- 
lished).  The  formation  of  xylulose  diphosphate  during  photosyn- 
thesis needs  to  be  confirmed  by  a  method  which  will  prevent  epi- 
merization  of  RuDP  during  isolation  and  identification.   The 
problems  of  phosphoglycolate  synthesis,  insufficiency  of  aldolase 
in  chloroplasts  and  even  whether  ribulose  diphosphate  is  the  only 
precursor  for  COg  fixation,  all  seem  to  be  interrelated  and  cer- 
tainly require  further  investigation. 

Glycolate  Excretion 

By  algae:   When  photosynthesizing  Chlorella  or  Chlamydomonas 
utilize  C^'^Oa,  nearly  all  of  the  glycol ate-C^'*  produced  is  found 
in  the  supernatant  fluid  as  the  main  C^"*  product  therein  and  not 
in  the  cells  (5,  26,  27,  28,  29).   Whittingham' s  group  has  reported 
excretion  rates  for  Chlorella  of  0.35  \xg   glycolate  per  [il  cells 
per  hour,  and  Warburg  has  reported  6.8  [ig   per  [il    cells  per  hour. 
Originally,  we  had  found  a  maximum  glycolate  accumulation  of  4  mg 
per  liter  for  actively  growing  cultures.   Old  cultures  contain 
little  glycolate  in  the  medium.   Fogg  (30)  has  extended  the  con- 
cept that  glycolate  excretion  by  phytoplankton  may  represent  a 
reservoir  of  chemical  energy  for  the  plankton  which  is  built  up 
during  active  photosynthesis  for  use  at  other  times. 

In  this  work  it  is  necessary  to  separate  the  algae  from  the 
supernatant  fluid  by  centrif ugation  or  by  filtration  on  a  1  cm 
thick  celite  pad.   The  latter  process  requires  about  15  to  30 
seconds.   The  glycolate-C^^  pool  from  photosynthesis  was  meta- 
bolically  active  as  judged  by  the  fact  that  it  had  been  rapidly 
formed  and  was  partially  converted  to  glycine  and  serine.   When 
the  algae  were  placed  in  the  dark  after  0^^*02  fixation,  the  gly- 
colate-C^'^  was  located  inside  the  cells  for  it  was  not  removed 
from  the  algae  by  filtration.   The  cells  will  rapidly  absorb  free 
glycolic  acid  at  pH  3,  but  glycolate  excretion  occurs  at  neutral 
pH  values.   Moreover,  if  one  were  to  add  glycolate-C''^'*  externally 
to  such  algae  cultures  in  the  dark  or  light,  the  rate  of  entry  is 
much  slower  than  the  excretion  and  in  fact  at  pH  6  several  hours 
of  light  are  required  for  glycolate-C^"*  uptake  (26,  28).   Thus 
glycolate-G^'*  produced  by  photosynthesis  and  glycolate-C^^  added 
externally  are  not  metabolically  equivalent,  even  though  glyco- 
late-C^'^  produced  by  photosynthesis  could  be  captured  outside  the 
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cells  by  filtration.   This  anomaly  almost  forces  us  to  speculate 
that  part  of  the  glycolate  produced  by  photosynthesis  is  not  free- 
ly excreted,  but  that  it  is  in  or  on  the  Chlorella  in  a  position 
vAiere  it  can  be  removed  during  filtration.   In  Mn  deficient  cells 
glycolate  excretion  does  not  occur  (28),  presumably  because  gly- 
colate is  all  converted  to  glycine  and  serine. 

By  chloroplasts ;   When  chloroplasts  are  killed  rapidly  about 
5  to  10%  of  the  total  C^^  fixed  in  10  or  30  minutes  is  present  as 
products  of  the  glycolate  pathway  and  the  remainder  are  sugar 
phosphates.   However,  when  the  chloroplasts  are  filtered  and 
washed  with  saline  solution  on  the  1  cm  celite  pad  for  30  to  90 
seconds  in  order  to  separate  them  from  the  supernatant  medium,  50 
to  707o  of  the  total  fixed  C-"^"^  was  found  in  the  supernatant  medium 
as  phosphoglycolate  and  glycolate,  and  the  sugar  phosphates  had 
nearly  disappeared  (15,  16).   The  sugar  phosphate  esters  were  not 
themselves  lost  from  the  chloroplasts,  but  during  filtration  they 
were  converted  to  phosphoglycolate  and  excreted  as  such.   For  some 
reason  the  filtration  seems  to  have  upset  an  equilibrium  to  create 
this  change.   During  C-'^'*02  by  chloroplasts  addition  of  a-hydroxy- 
sulfonates  also  increases  the  amount  of  glycolate-C  ^"^ ,  as  if  gly- 
colate metabolism  normally  occurs  in  the  chloroplasts  even  though 
it  does  not  accumulate  (22).   Again  when  glycolate-C^**  was  added 
to  chloroplasts  it  was  not  rapidly  taken  up  nor  metabolized. 

These  chloroplast  experiments  prove  that  the  system  for  phos- 
phoglycolate synthesis  resides  in  the  chloroplasts.   In  addition 
they  indicate  that  a  route  for  glycolate  synthesis  is  from  the 
sugar  phosphates  of  the  carbon  cycle  and  not  by  a  C^  plus  C^  con- 
densation.  The  production  of  phosphoglycolate  indicates  that  it 
is  the  precursor  of  glycolate. 

Some  free  glycerate  is  excreted  by  spinach  chloroplast  but  it 
generally  accounts  for  only  a  small  part  of  the  C-'^'*  (15).   The 
conditions  responsible  for  glycerate  loss  by  the  chloroplasts  are 
not  as  reproducible  as  those  for  glycolate  excretion.   It  must  be 
emphasized,  though,  that  free  glycerate  is  excreted  from  the 
chloroplasts,  while  phosphoglycerate  is  the  major  product  inside 
the  chloroplasts.   Phosphoglycolate  phosphatase  will  not  hydrolyze 
phosphoglycerate,  but  perhaps  there  is  some  other  phosphatase 
within  the  chloroplasts  which  is  responsible  for  phosphoglycerate 
hydrolysis  and  excretion. 

Enzymes  of  the  Glycolate  Pathway 

Phosphoglycolate  phosphatase  is  apparently  specific  for  this 
phosphate  ester  (13).   It  is  ubiquitous  in  the  green  parts  of 
plants,  for  it  is  not  in  roots  or  etiolated  leaves  (Y.  Yu,  N.  E. 
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Tolbert  and  G.  Orth,  unpublished).   The  activity  of  this  phospha- 
tase is  equal  to  or  exceeds  that  of  other  phosphatases  in  the 
leaf.   For  example  phosphoglycolate  is  hydrolyzed  5  times  faster       t 
by  wheat  sap  at  pH  6.3  than  most  other  phosphate  esters  (e.g.  3- 
phosphoglycerate) .   About  97o  of  the  phosphoglycolate  phosphatase 
activity  from  spinach,  tobacco  or  swiss  chard  leaves  remains  with 
unwashed  chloroplasts .   Once  washed  chloroplasts  have  2%   the  total 
enzyme,  and  if  washed  chloroplasts  are  then  put  in  water,  the  rest 
of  this  phosphatase  goes  into  solution,  while  the  phosphatase  re- 
sponsible for  hydrolysis  of  f ructose-1 , 6-diphosphate  remains  with 
the  particles.   Preparation  of  chloroplasts  in  glycerol  yields 
similar  results.   The  phosphatase  is  certainly  not  tightly  bound 
in  the  chloroplasts. 

Phosphoglycolate  phosphatase  is  stable  at  pH  4,  and  it  has  been 
purified  200-fold  by  acetone  and  ethanol  fractionation  and  DEAE- 
cellulose.   The  stability  of  the  enzyme  from  wheat  is  dependent 
upon  the  natural  association  with  it  of  cis-aconitate.   If  the 
factor  were  removed  by  Sephadex,  the  enzyme  is  stable  at  0°  for 
only  a  short  period  of  time.   Stability  at  40°  is  restored  only 
by  cis-aconitate,  citrate  or  isocitrate.   Our  most  purified  prep- 
aration of  the  enzyme  had  both  phosphatase  and  ATPase  activity. 
The  ATPase  was  less  active  than  the  phosphatase.   The  enzyme  also 
forms  methyl  or  ethyl  phosphates  when  flooded  with  the  alcohol, 
but  this  is  typical  of  phosphatases.   In  addition  the  protein 
rapidly  incorporated  P^^-orthophosphate  in  an  ATP  dependent  reac- 
tion.  This  latter  reaction  was  heat  stable,  and  the  protein  was 
not  precipitated  by  heat.   These  properties  are  in  part  character- 
istic of  certain  phosphatases  or  ATPase  which  may  be  involved  in 
transport  phenomena.   Our  published  procedure  for  isolating  this 
enzyme  from  tobacco  leaves  involved  (NH4)2S04  treatment  which 
destroyed  the  ATPase  and  changed  the  pH  optimum  of  the  remaining 
phosphoglycolate  phosphatase  from  6.3  to  5  or  less  (13).   The 
enzyme  from  most  other  leaves  is  inactivated  by  (NH4)2S04, 

Like  the  phosphatase,  active  forms  of  glycolate  oxidase  (31) 
and  a  specific  glyoxylate-serine  transaminase  (E.  R.  Waygood, 
personal  communication)  are  nearly  absent  in  etiolated  leaves  and 
are  formed  during  greening.   This  characteristic  is  presumptive 
evidence  that  they  are  associated  with  photosynthesis.   Glycolate 
oxidase  also  may  be  loosely  associated  with  the  chloroplast  (22, 
32,  33).   There  is  also  a  NAD  linked  glyoxylate  reductase  v^ich  is 
probably  cytoplasmic  (34)  and  another  glyoxylate  reductase  which 
is  NADP  linked  and  located  in  the  chloroplast  (35).   Further  stud- 
ies concerning  the  formation  or  activation  of  these  enzymes  during 
greening  of  the  plant  should  be  pertinent  to  an  understanding  of 
chloroplast  structure  and  its  association  with  the  rest  of  the  cell. 
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Photosynthetic  Requirements  For  Glycolate  Synthesis 

Light  and  effect  of  CMU  and  Cl-CCP:   Very  high  light  intensi- 
ties are  required  for  maximum  glycolate  synthesis  and  excretion 
(5,  26,  29).   When  Chlorella  were  grown  continuously  in  fluores- 
cent red  light  they  incorporated  little  C^'*  into  glycolate  during 
10  min.  exposure  to  C^'*02  in  either  red  or  white  light,  but  they 
still  labeled  glycine  and  serine  (Table  1).   They  acted  like  Mn 
deficient  algae.   When  Chlorella  were  grown  in  blue  light,  much 
of  the  C^"*  was  fixed  into  glycolate  and  it  was  excreted.   Note 
also  that  algae  grown  in  red  light  labeled  aspartate  but  not  when 
grown  in  blue  light.   Cayle  and  Emerson  (36)  have  also  reported 
greater  C^^  specific  activity  in  glycine  and  serine  during  photo- 
synthesis in  blue  light. 

Table  1.   Influence  of  red  and  blue  light  on  C^^^Os  fixation. 

%  Distribution  of  C^"* 


Light  during 

Total 

Glycine 

+ 

growth   PS 

Ci4  c/s 

Sucrose  Glycolate   serine 

Aspartate 

red     red 

1570 

1.8 

2.0 

27.0 

8.9 

red     blue 

1570 

2.6 

3.7 

28.2 

8.4 

blue    blue 

1980 

1.1 

21.7 

22.6 

1.1 

blue    red 

1520 

1.1 

15.5 

30.1 

1.1 

Table  2. 

CMU  and  Cl-CCP  inhibition  of 

Ci'^O, 

fixation 

in  10  min.  by 

Ankistero 

desmus . * 

Total  c 

7o   Distribution 

of  C^^ 

:/s     Glycolate 

Citric^*-* 

Inhibitor 

fixed  X 

10^   products   P 

-esters   Sucrose 

acid  cycle 

water 

1.21 

11.2 

26.2 

11.2 

44.0 

5  X  10"^M  CMU 

0.29 

5.9 

14.1 

6.2 

63.3 

5  X  10"5m  CMU 

0.05 

tr 

tr 

0 

95.7 

.3  X  lO'^M  Cl- 

CCP  0.39 

14.7 

36.  7 

15.8 

25.0 

1  X  10-^M  Cl- 

CCP  0.09 

13.1 

27.5 

28.7 

22.6 

^Nearly  similar  results  were  obtained  with  Chlorella. 
^'''"Almost  entirely  aspartic,  glutamic  and  malic. 

CMU  inhibits  O2  production  during  photosynthesis.   As  indicated 
in  Table  2,  the  synthesis  of  glycolate  products,  phosphate  esters 
of  the  carbon  cycle  and  sucrose  were  reduced  proportionally  by  CMU. 
However,  with  CMU  a  much  greater  percent  of  the  fixed  C^'^  appeared 
in  glutamic,  aspartate  and  malate.   In  comparison  Cl-CCP,  which 
inhibits  photophosphorylation,  preferentially  reduced  C^"*  labeling 
of  aspartate,  glutamate  and  malate.   CMU  and  Cl-CCP  did  not  inhibit 
glycolate  phosphatase  in  vitro. 
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I 


CO2 

m  air 

% 

0 

.005 

0 

.03 

0 

3 

1 

0 

Total 

C^^  fixed 

c/s  X  10" 

32 

103 

126 

63 

I 


COp^  concentration:   Optimum  glycolate  accumulation  and  excre- 
tion during  photosynthesis  occurs  at  low  CO2  partial  pressures  of 
around  0.17o  (5,  26,  28,  29).   Below  0.1%  CO2  the  photosynthetic 
rate  is  limited  by  CO2  availability.   Thus  the  total  amount  of 
glycolate  synthesis  is  reduced,  but  the  %  of  the  fixed  C^"*  in  gly- 
colate products  is  not  reduced  (Table  3)  (W.  Snyder  and  N.  E. 
Tolbert,  unpublished).   It  seems  significant  that  glycolate  se- 
cretion in  large  amounts  must  occur  during  photosynthesis  in 
nature  where  the  CO2  partial  pressure  is  so  limiting.   Above 
about  0.4%  CO2  the  amount  of  glycolate  which  accumulates  is  re- 
duced to  much  lower  values  (Table  3)  (28,  29).   At  higher  CO2 

Table  3.   Effect  of  CO2  concentration  on  glycolate 
products  in  beet  leaves. 

Glycine   plus   serine  ^^ 
%  C^4      c/s  X  10-3 

25  8 

25  26 

5  6 

3  2 

*  Significant  amounts  of  glycolate  did  not  accumulate. 

concentrations  much  more  sucrose  is  made,  but  some  newly  fixed  C^^ 
still  appears  in  glycine  and  serine.   Such  experiments  suggest 
that  the  glycolate  pathway  was  inhibited  by  higher  CO2  concentra- 
tion.  Since  glycolate-C^"*  is  rapidly  incorporated  into  sucrose 
(1,  7),  it  is  possible  that  the  reservoirs  of  the  glycolate  pro- 
ducts may  simply  be  turning  over  more  rapidly  at  higher  CO2  con- 
centrations thereby  decreasing  rather  than  increasing  in  size.      . 

i 

A  theory  for  the  increased  percentage  of  C"'-"*  in  glycolate        ■ 

during  photosynthesis  at  low  CO2  pressure  has  been  presented  by 
Calvin's  group  (37).   In  changing  from  high  to  low  CO2  concentra- 
tion the  insufficiency  of  CO2  resulted  in  accumulation  of  RuDP 
which  could  be  used  as  a  source  of  glycolate.   Although  the  chem- 
istry of  glycolate  synthesis  may  indeed  be  consistent  with  this 
situation,  the  hypothesis  cannot  explain  glycolate  synthesis  in 
steady  state  photosynthesis  at  low  CO2  partial  pressure  nor  is  it 
likely  to  be  the  determining  factor  for  glycolate  synthesis. 

Oxygen  concentration;   The  requirement  of  a  high  (207o  or  above) 
oxygen  partial  pressure  during  photosynthesis  for  glycolate  pro- 
duction has  been  well  established  (5,  26,  28,  38),  but  not  explained. 
In  80  or  100%  O2  ,  though  photosynthesis  is  inhibited,  the  %  0^"^ 
incorporated  into  glycolate  products  is  not  reduced  (N.  E.  Tolbert, 
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unpublished).   Below  207o  oxygen,  glycolate  synthesis  ceases. 
Thus  the  conditions  for  glycolate  synthesis  are  those  which  occur 
in  nature — high  O2  and  low  COg .   Glycolate  oxidase,  a  FMN  con- 
taining enzyme,  in  vitro  has  a  low  affinity  for  oxygen,  so  high 
oxygen  concentration  would  lead  to  the  oxidation  of  glycolate 
rather  than  accumulation.   Thus  aerobic  conditions  favor  both  gly- 
colate synthesis,  and  because  of  the  oxidase,  its  metabolism. 
Glycolate  oxidase  can  also  be  coupled  to  DCPIP  or  to  a  naturally 
occurring  quinone-like  material  which  we  have  not  identified. 
The  nature  of  the  oxygen  requirement  for  glycolate  production  is 
unknown.   Warburg  has  suggested  that  aerobic  oxidation  of  a  C2 
product  of  photosynthesis  to  glycolate  must  occur  first  in  order 
that  O2  evolution  can  generate  reducing  power  (5). 

Effect  of  phosphate:   The  impairment  of  photosynthetic  activ- 
ity by  washing  algae  with  water  is  well  recognized.   Three  wash- 
ings of  Chlamydomonas  reinhardti  reduced  their  photosynthetic 
ability  80%  as  measured  by  C^'^Oa  fixation  (Table  4).   This  inhi- 
bition was  completely  restored  by  3  x  10"^  M  phosphate,  phospho- 
glycolate  or  phosphoglycerate  (39).   Glucose-6-P  was  much  less 
effective  and  ATP  was  ineffective.   However,  certain  other  non- 
phosphate  compounds  such  as  serine  also  restored  the  photosynthe- 
tic activity,  which  is  indicative  of  the  complexity  of  the  phe- 
nomenon. 

Table  4.   Effect  of  washing  and  phosphate  on  COg 
fixation  by  Chlamydomonas. 

Total  c/s  in  10  min.  by  1  ml  aliquot 

Additions'^  Unwashed  algae         Washed  algae 

none  2,700  546 

3.3  X  10"3M  phosphate  2,960  3,100 

3.3  X  10"^M  phosphoglycolate      2,560  3,050 

■"-All  solutions  were  adjusted  to  pH  7. 

The  products  of  C^^02  fixation  depend  on  the  phosphate  in  the 
medium.   Very  fast  labeling  of  glycolate  occurs  in  algae  when 
photosynthesis  is  performed  in  the  absence  of  phosphate  (Table  5). 
These  algae  were  lightly  centrifuged  from  their  growth  mediiom  and 
resuspended  in  water.   If  the  algae  were  resuspended  in  .001  M 
phosphate,  no  C^'^-labeled  glycolate  was  formed  in  40  seconds  and 
a  1  to  2  minute  period  was  required  before  any  glycolate-C^'*  was 
synthesized  (G.  Orth  and  N.  E.  Tolbert,  unpublished).   Whitting- 
ham's  data  on  glycolate  excretion  confirms  this  phenomenon  (29). 
However,  the  presence  of  phosphate  in  the  medium  does  not  prevent 
the  algae  from  ultimately  synthesizing  and  excreting  large  amounts 
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Table  5.   Effect  of  phosphate  on  C^'^Oa  fixation  by  Chlamydomonas  .-^i- 

No  phosphate  .001  M  phosphate 


Time 

Total 

Gl 

ycolate 

Total 

Gl 

ycolate 

seconds 

c/s 

c/s 

c/s 

c/s 

10 

167 

19 

30 

464 

93 

96,100 

0 

60 

972 

267 

147,100 

440 

120 

4857 

1965 

102,100 

4178 

■'^Although  fixation  was  much  less  without  phosphate  exact  compari- 
son between  the  experiments  cannot  be  made  because  they  were  run 
at  different  times. 


S 


of  glycolate  after  10  to  20  minutes.   Addition  of  phosphoglycolate 
to  the  algal  medium  is  even  more  inhibitory  to  the  rate  of  C'-'*       I 
labeling  of  glycolate  than  orthophosphate,  although  it  substitutes 
completely  for  orthophosphate  in  stimulating  total  CO2  fixation. 
The  great  need  for  orthophosphate  during  C^^02  fixation  by  iso- 
lated chloroplasts  (40)  can  be  replaced  by  equi-molar  amounts  of 
phosphoglycolate.   However,  phosphoglycolate  phosphatase  activity 
of  the  chloroplasts  is  not  sufficient  to  have  hydrolyzed  much  of 
the  phosphoglycolate  to  orthophosphate  during  the  course  of  the 
experiment. 

Manganese:   Tanner  et  al.  (17)  claimed  that  Mn  deficient  Chlor- 
ella  do  not  produce  glycolate.   However,  their  data  show  that  with 
Mn  deficient  cells,  which  did  not  produce  glycolate,  13.0%  of  the 
C-'-'*  fixed  in  1  hr.  was  present  as  glycine  and  serine  while  with 
normal  cultures  9.4%  of  the  C^"*  was  present  as  glycolate,  glycine 
and  serine.   Thus  if  one  considers  all  the  products  of  the  gly- 
colate pathway,  Mn  deficiency  did  not  inhibit  their  synthesis, 
but  instead  altered  glycolate  accumulation.   A  similar  effect  was 
obtained  by  blue  light.   Mn"*"*"  will  serve  as  cofactor  for  glycolate 
phosphatase  but  so  will  Mg"^"*". 

Recapitulation 

Glycolate  synthesis  during  photosynthesis  requires  low  CO2 
concentration  (less  than  0.4%),  high  O2  concentration  (20%)  and 
high  light  intensity.   The  phenomenon  of  a  specific  loss,  or 
movement  or  excretion  of  phosphoglycolate  and  glycolate  by  algae 
or  by  chloroplasts  remains  unresolved.   Glycolate  excretion  occurs 
most  rapidly  with  young  algae  cultures  in  the  absence  of  phosphate 
buffer.   Manganese  deficient  cultures  do  not  excrete  glycolate. 
Much  of  the  fixed  CO2  of  photosynthesis  pass  through  the  glycolate 
pathway  which  appears  to  be  a  metabolic  sequal  from  the  path  of 
carbon.   Plant  enzymes  are  known  for  each  step  of  this  pathway  and 
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several  of  the  first  ones  in  the  sequal  are  absent  in  etiolate 
plants.   Glycolate  synthesis  is  associated  with  the  chloroplasts 
and  C-'^'*  is  incorporated  into  its  products  very  rapidly  during 
photosynthesis.   The  glycolate  is  rapidly  converted  to  sucrose  in 
the  1 i  gh  t . 

Function  of  Glycolate  Pathway 

Amino  acid  synthesis:   The  glycolate  pathway  does  not  exist 
solely  for  production  of  glycine  and  serine  for  protein  synthesis. 
During  €■'■^02  photos jnithes is  glycine  and  serine  become  labeled 
much  more  rapidly  than  other  amino  acids,  and  in  turn  they  lose 
C^"*  equally  rapidly  if  the  C^^^Oa  is  exchanged  for  C^^Oa- 

CO?  fixation:   In  previous  sections  reasons  were  given  why  the 
glycolate  is  not  thought  to  be  an  alternate  pathway  for  CO2  fixa- 
tion.  Most  pertinent  was  phosphoglycolate  production  by  chloro- 
plasts in  the  dark  from  sugar  phosphates  of  the  photosynthetic 
carbon  cycle. 

Anion  exchange:   We  advanced  the  concept  in  1956  that  glycol- 
ate excretion  occurred  for  the  purpose  of  anion  exchange  with 
bicarbonate  (26).   Since  that  time  the  requirement  for  low  CO2 
partial  pressure  has  been  well  documented  for  glycolate  synthesis 
and  excretion.   This  requirement  is  consistent  with  the  bicar- 
bonate exchange  theory.   At  high  GO2  concentration  sufficient 
diffusion  of  bicarbonate  and  CO2  could  occur  for  photosynthesis, 
and  the  need  would  not  exist  for  an  exchange  mechanism  to  move 
bicarbonate  rapidly  into  the  chloroplasts.   I  do  not  feel  that 
this  hypothesis  has  been  either  refuted  or  confirmed  to  date. 

Metabolic  link  between  chloroplasts  and  cytoplasm:   Since  gly- 
colate is  rapidly  metabolized  to  sucrose,  and  since  it  appears 
outside  of  chloroplasts,  the  glycolate  pathway  may  constitute  a 
link  between  the  photosynthetic  carbon  cycle  of  the  chloroplast 
and  the  synthetic  pathways  of  the  cytoplasm  (1,  15,  16).   Thus 
there  exist  two  reservoirs  of  serine.   One,  inside  the  chloro- 
plast, is  carboxyl  labeled  and  similar  to  photosynthetically  pro- 
duced phosphoglycerate ,  and  one,  outside  the  chloroplast  or  in 
the  cytoplasm,  is  uniformly  labeled  as  dictated  by  the  glycolate 
pathway.   Similarly  there  should  exist  two  reservoirs  of  sucrose 
with  similar  labeling  differences.   An  experiment  to  test  this 
would  be  to  determine  the  C^"*  labeling  patterns  of  sucrose  of  the 
chloroplast  in  comparison  with  labeling  in  sucrose  of  the  phloem. 

The  glycolate  lost  by  the  chloroplasts  is  converted  to  glycer- 
ate.   The  excretion  of  glycerate  by  the  chloroplasts,  as  already 
noted,  would  not  alter  the  basic  function  of  a  carbon  transport 
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mechanism  from  the  chloroplasts  to  the  cytoplasm.   The  glycerate 
may  be  converted  to  sugars  or  metabolized  to  phosphoenol  pyruvate 
and  on  to  malate  and  aspartate.   Added  glycolate-C-"-"^  results  in 
considerable  synthesis  of  malate-C-'-'*  and  when  the  glycolate  path- 
way in  tobacco  leaves  was  blocked  by  the  a-hydroxysulf onate  in- 
hibitors, C''^^  labeling  of  a  large  isocitrate  reservoir  was  com- 
pletely blocked  (4).   These  findings  suggest  that  further  search 
for  glyoxylate  cycle  enzymes  for  isocitrate  synthesis  in  tobacco 
leaves  is  merited. 

Permease  system:   The  excretion  of  glycolate  by  algae  or  by 
chloroplasts  has  the  characteristics  of  a  permease  system  in  which 
the  action  of  phosphoglycolate  phosphatase  would  provide  direc- 
tion.  This  theory  requires  that  phosphoglycolate  but  not  glycol- 
ate might  cross  the  membrane.   Phosphoglycolate  is  observed  to 
come  out  of  the  chloroplasts.   Glycol  ate -C'"'^  is  not  absorbed  by 
chloroplasts  at  significant  rates  (16).   A  slow,  light-stimulated, 
oxidation  of  it  to  CO2  has  been  reported  (41).  Moses  and  Calvin 
(42)  extended  this  theory  when  they  reported  that  glycolate  con- 
tains a  major  portion  of  the  tritium  incorporated  from  TgO  during 
photosynthesis.   They  suggested  that  the  glycolate  pathway  serves 
to  carry  not  only  carbon  but  hydrogen  from  the  photosynthetic 
apparatus.   (However,  clarification  of  their  results  are  needed 
since  the  apparent  high  tritium  content  of  glycolate  could  have 
resulted  from  glycolate  sublimation  from  the  paper  chromatogram 
onto  the  film.)   Such  a  system  would  be  analogous  to  the  role  of 
the  glycerol  phosphate  dehydrogenases  in  transport  of  reducing 
power  into  the  mitochondria.   Glycolate  would  be  oxidized  in  the 
cytoplasm  to  glyoxylate.   Glyoxylate,  unlike  glycolate,  can  re- 
enter the  chloroplasts  (16)  where  there  is  a  NADPH  linked  glycol- 
ate reductase  to  reduce  it  back  to  glycolate  with  photosynthetic 
assimilatory  power.   A  major  fault  of  this  scheme  or  any  other 
scheme  involving  a  combination  of  glycolate  oxidase  and  glyoxyl- 
ate reductase  is  that  glycolate  oxidase  has  not  been  coupled  to 
oxidative  phosphorylation  (32)  or  NAD  reduction.   If  phosphogly- 
colate ware  synthesized  from  phosphoglycolaldehyde ,  as  mentioned 
previously,  the  diose  phosphate  dehydrogenase  system  would  create 
sufficient  assimilatory  power  for  the  resynthesis  of  siogars  from 
glycolate. 

Glycolate  metabolism  and  0^    evolution:   Several  similarities 
exist  between  O2  evolution  and  glycolate  accumulation  or  excre- 
tion during  photosynthesis  vhich  taken  all  together  suggest  that 
they  may  be  related.   Both  processes  are  inhibited  by  Mn  defici- 
ency and  by  CMU.   Glycolate  oxidase  contains  FMN  and  it  will  re- 
duce DCPIP.   Both  these  factors  have  been  associated  with  the  Hill 
reaction.   Homann  and  Gaffron  (43)  have  indicated  that  CMV   changes 
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the  reactivity  of  excited  FMN .   Glycolate  inhibition  of  the  Hill 
reaction  when  DCPIP  is  the  oxidant  (44),  could  be  due  to  inhibi- 
tion by  the  DCPIPH2  (45)  produced  from  glycolate  oxidation.   High 
O2  inhibits  photosynthesis,  but  glycolate  synthesis  is  favored 
by  high  O2  pressure.   Roux's  data  indicates  that  orthophosphate 
or  a  phosphorylated  compound  may  be  an  intermediate  for  O2  in 
photosynthesis  (46).   The  unexplained  suppression  of  rapid  gly- 
colate labeling  by  phosphate  or  phosphoglycolate  may  be  related 
to  some  such  phosphate  requirement.   Glycolate  synthesis  and  me- 
tabolism only  during  photosynthesis  in  a  high  O2  atmosphere,  sug- 
gest that  its  metabolism  may  be  necessary  to  maintain  in  a  reduced 
state  some  auto  oxidizable  component  of  the  chloroplast. 

Supported  by  NSF  grant  G24036  and  published  with  approval  of 
the  Director  of  the  Michigan  Agricultural  Experiment  Station. 

References 

1.  R.  Rabson,  N.E.  Tolbert  and  P.O.  Kearney,  Arch.  Biochem. 

Biophys.,  98,  154  (1962). 

2.  I.  Zelitch,  J.  Biol.  Chem.  234,  3077  (1959). 

3.  Pritchard,  G.G. ,  G.P.  Whittingham  and  W.J.  Griffin,  Nature 

190,  553  (1961). 

4.  K.  Asada  and  Z.  Kasai,  Plant  and  Cell  Physiol,  3,  125  (1962). 

5.  0.  Warburg  and  G.  Krippahl ,  Z.  fur  Naturf orschung  15b,  197 

(1960). 

6.  L.  Schou,  A. A,  Benson,  J. A.  Bassham,  and  M.  Calvin,  Physiol. 

Plantarum  3,  487  (1950). 

7.  E.  Jimenez,  R.L.  Baldwin,  N.E.  Tolbert  and  W.A.  Wood,  Arch, 

Biochem,  Biophys.  9_8,  172  (1962). 

8.  D,  Wang  and  R.H.  Burris,  Plant  Physiol.  38,  430  (1963), 

9.  D,  Wang  and  E.R.  Waygood,  Plant  Physiol,  3^,  826  (1962), 

10.  H.A,  Stafford,  A,  Magaldi  and  B.  Vennesland,  J.  Biol.  Chem. 

207,  621  (1954). 

11.  S.  Aronoff,  Arch.  Biochem.  Biophys.  32,  237  (1951). 

12.  A. A.  Benson,  J. A.  Bassham,  M.  Calvin,  A.H.  Hall,  H.E.  Hirsch, 

S.  Kawaguchi,  V.  Lynch,  and  N.E.  Tolbert,  J.  Biol.  Chem. 
196,  703  (1952). 

13.  K.E.  Richardson,  and  N.E.  Tolbert,  J.  Biol.  Chem.  236^,  1285 

(1961). 

14.  Ullrich,  J,,  Biochem.  Biophysica  Acta  71^,  589  (1963). 

15.  N,E.  Tolbert,  Brookhaven  Symposia  in  Biology  11_,  271  (1958). 

16.  P,C,  Kearney  and  N,E.  Tolbert,  Arch.  Biochem,  Biophys,  98, 

164  (1962), 

17.  H.A.    Tanner,    T.E,    Brown,    C.    Eyster   and  R.W.    Treharne ,    Bio- 

chem.   Biophys.    Res,    Comm.    3,    205    (1960). 


•I 


662 


N.  E.  Tolbert 


18.  M.  Stiller,  Annual  Rev.  Plant  Physiol.  13,  151  (1962). 

19.  J. A.  Bassham,  A. A.  Benson,  L.D.  Kay,  A.Z.  Harris,  A.T.  Wilson, 

and  M.  Calvin,  J.  Am.  Chem.  Soc.  76^,  1760  (1954). 

20.  A.  Weissbach  and  B.L.  Horecker,  Amino  Acid  Metabolism,  Ed. 

McElroy  and  Glass,  John  Hopkins  Press,  p.  741  (1955). 

21.  T.  Griffith  and  R.U.  Byerrum,  J.  Biol.  Chem.  234,  762  (1959). 

22.  I.  Zelitch,  Biochem.  J.  77,  HP  (1960). 

23.  J.W.  Bradbeer  and  E.  Racker ,  Fed.  Proceed.  20,  88  (1961). 

24.  Byrne,  W.L.  and  H.A.  Lardy,  Biochim.  Biophys .  Acta  14,  495 

(1954).  I 

25.  G.  Orth  and  N.E.  Tolbert,  Plant  Physiol.  32,  xlv  (1962). 

26.  N.E.  Tolbert  and  L.P.  Zill ,  J.  Biol.  Chem.  222,  895  (1956). 

27.  R.A.  Lewin,  Bull.  Jap.  Soc.  Phycol .  5,  74  (1957). 

28.  R.M.  Miller,  CM.  Meyer  and  H.A.  Tanner,  Plant  Physiol.  38, 

184  (1963). 

29.  C.P.  Whittingham  and  G.G.  Pritchard,  Proc.  Roy.  Soc.  (London) 

B  152,  366  (1963). 

30.  C.  Nalewajko,  N.  Chowdhuri  and  G.E.  Foog,  Microalgae  and 

Photosynthetic  Bacteria,  p.  171  (1963). 

31.  M.  Kuczmak  and  N.E.  Tolbert,  Plant  Physiol.  32,  729  (1962). 

32.  I.  Zelitch  and  G.A.  Barber,  Plant  Physiol.  3^,  205  (1960). 

33.  N.E.  Tolbert  and  M.  Cohan,  J.  Biol.  Chem.  204,  649  (1953). 

34.  I.  Zelitch,  J.  Biol.  Chem.  201,  719  (1953). 


I 


35.  I.    Zelitch   and  A.M.    Gotto,    Biochem,    J.    84,    541    (1962). 

36.  T.    Cayle    and  R.    Emerson,    Nature    179,    89    (1957). 

37.  A.T.    Wilson   and  M.    Calvin,    J.    Am.    Chem.    Soc,    11_,    5984    (1955;. 

38.  J. A.    Bassham   and   M.    Kirk,    Biochem.    Biophys,    Res.    Coram.    9,  m 

316    (1962). 

39.  E.  Jiminez,  Ph.D.  Thesis,  Studies  on  Photosynthesis,  Michigan 

State  University  (1962).  ^ 

40.  M.  Gibbs  and  N.  Calo,  Biochim.  Biophys.  Acta  44,  341  (1960), 

41.  L.A.  Delavan  and  A. A.  Benson,  Brookhaven  Symposia  in  Biol. 

n,  259  (1958).  ■ 

42.  V.  Mosses  and  M.  Calvin,  Biochim.  Biophys.  Acta  33^,  297  (1959). 

43.  P.  Homann  and  H.  Gaffron,  Science  141,  905  (1963). 

44.  N.E.  Good,  Plant  Physiol.  32,  298  (1963). 

45.  D.L.  Keister,  J.  Biol.  Chem.  238,  PC  2590  (1963). 

46.  E.  Roux,  P.G.  Montgareuil,  J.  Galmiche  and  J.  Duranton, 

Comptes  Rendus  251,  1925  (1960). 


AN  EVALUATION  OF  THE  CARBON  REDUCTION  PATHWAYS  OF  PHOTOSYNTHESIS 

Martin  Gibbs 


In  general  the  term  photosynthetic  carbon  reduction  pathway, 
reductive  pentose-P  pathway  or  Calvin  cycle  is  conventially  used 
to  describe  the  cyclic  reaction  sequence  involved  in  the  conver- 
sion of  CO2  to  carbohydrate  in  a  chlorophyll- containing  cell. 
Carbohydrate  is  considered  here  to  be  D-fructose-6-P. 

The  historical  development  of  the  cycle  has  been  ably  de- 
scribed by  Bassham  and  Calvin^.-'-) .  The  cycle  as  it  is  usually 
presented  was  initially  set  down  in  paper  XXI  of  the n classic 
series  of  papers  deriving  from  Calvin's  laboratory^   .  The 
essential  points  of  the  cycle  are: 

1.  conversion  of  D-ribulose-5-P  to  D-ribulose-l,5-diP  by  ATP 
in  the  presence  of  phosphoribulokinase. 

2.  carboxylation  of  ribulose-l,5-diP  to  produce  a  yet- 
unidentified  6-carbon  intermediate  which  is  hydrolytically 
cleaved  to  produce  to  2  molecules  of  D-3-P-glycerate  catalyzed 
by  ribulose-l,5-diP  carboxylase. 

3.  phosphorylation  of  3-P-glycerate  and  subsequent  reduction 
by  1,3-diPGA  by  reduced  pyridine  nucleotide  catalyzed  by  PGA 
kinase  and  glyceraldehyde-3-P  dehydrogenase,  respectively. 

k.      conversion  of  D-glyceraldehyde-3-P  to  fructose-6-P 
catalyzed  by  triose-P  isomerase,  D-fructose-l,6-diP  aldolase, 
and  fructose-l,6-diphosphatase. 

5.  subsequent  steps  catalyzed  by  transketolase,  aldolase, 
sedoheptulose-l,T-diphosphatase,  and  xylulose- 5-P-3-epimerase 
accomplish  the  conversion  of  fructose-6-P  to  ribulose-5-P. 

The  stoichiometry  of  the  cycle  may  be  formulated  in  terms  of 
conversion  of  CO2  and  fHj,  in  the  form  of  ATP  and  reduced  pyridine 
nucleotide,  to  fructose-6-P  in  the  following  way.   6  COo  +  I8  ATP 

+  10  H2O  +  12  PNH  >  fructose-6-P  +  I8  ADP  +  12  PN  +  1?  Pi. 

Thus,  for  the  entrance  of  6  molecules  of  COp  into  the  cycle,  6 
molecules  of  ribulose-l,5-diP  are  required.  These  give  rise  to 
12  molecules  of  3-P-glycerate  which  is  converted  to  glyceralde- 
hyde-3-P  and  its  equivalent,  dihydroxyacetone-P  of  the  12  mole- 
cules of  triose-P  so  formed,  10  are  needed  to  complete  2  turns 
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of  the  cycle,  and  2  molecules  can  be  utilized  for  fructose-6-P 
synthesis. 

Evidence  for  this  carbon  reduction  cycle  from  C0„  to  fructose- 
6-P  was  based  on:   (a)  kinetic  tracer  studies  of  in  vivo  systems 
(b)  presence  of  enzymes  catalyzing  the  postulated  reactions  (c) 
distribution  of  C   in  the  various  intermediates  following  assim- 
ilation of  C  Op,  and  (d)  information  obtained  with  inhibitors. 

Kinetic  data 

Evidence  for  the  functional  role,  of  this  cycle  is  derived 
mainly  from  kinetic  studies  with^C  Op  carried  out  by  Calvin, 
Benson,  Bassham  and  associates^   .  Exposure  of  photosynthesizing 
algae  to  G  O2  gave  rise  to  most  of  the  isotope  in  3-PGA,  labeled 
mainly  in  the  carboxyl-carbon.   The  cyclic  nature  of  cycle  was 
revealed  by  the  appearance  of  isotope  in  the  a  and  p  positions 
of  3-PGA.  The  discovery  of  rapidly  labeled  D-sedoheptulose-T-P 
and  D-ribulose-l,5-diP  led  to  their  inclusion.  The  reciprocal 
changes  in  reservoir  sizes  of  ribulose-l,5-diP  and  3-PGA  observed 
when  algae  were  subjected  to  light  and  dark  periods  and  to  chang- 
ing partial  pressures  of  COp  indicated  a  close  relationship  be- 
tween these  3  compounds^3) .  While  reinvestigating  the  kinetics 
of  appearance  of  C   in  components  of  the  reductive  carbon  cycle 
in  Chlorella  photosynthesizing  under  steady- state  conditions. 
Bassham  and  Kirk^  '    could  account  for  only  one  molecule  of  3-PGA 
for  each  COp  taken  up.   This  observation  contrasts  with  the  for- 
mation of  2  molecules  of  3-PGA  per  carboxylation  when  the  light 
is  turned  off.   They  postulated  that  light  and  the  intact  cell 
carry  out  a  reductive  carboxylation  while  in  the  in  vitro  system 
or  in  the  dark  carboxylation  followed  by  hydrolysis  occurs.   Both 
of  these  mechanisms  propose  hydrolysis  of  the  hypothetical  6- 
carbon  ketoacid  prior  to  reduction.   An  alternative  mechanism  is 
outlined  in  figure  1.   Here,  reduction  of  the  ketoacid  to  a  keto- 
aldehyde  prior  to  hydrolysis  would  result  in  the  formation  of  one 
molecule  of  PGA  and  one  of  glyceroldehyde-3-P. 
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Another  explanation  to  account  for  the  unexpected  finding  of 
Bas sham  and  Kirk  was  recently  proposed  by  Bassham^-'' .  Using 
Lynen's^  ''  system  for  the  biosynthesis  of  fatty  acids  as  a  model, 
he  proposed  that  the  enzymes  of  the  carbon  cycle  are  highly  or- 
ganized as  a  multifunctional  enzyme  system.  He  has  also  specu- 
lated that  sulfhydryl  groups  and  thiamine  pyrophosphate  would 
form  the  bridge  between  the  enzymes  and  substrates.   The  impor- 
tance of  an  enzyme  disulfide  functioning  in  photosynthesis  was 
suggested  by  Gibbs  and  Calo^  '^  who  observed  that  arsenite  did 
not  inhibit  the  photochemical  act  (formation  of  ATP,  TPNH  and 
0_)  or  any  of  the  enzymes  usually  associated  with  the  Calvin 
cycle.  This  ineffectiveness  toward  the  broken  system  contrasts 
sharply  with  a  90^  inhibition  of  COp  fixation  by  the  intact 
chloroplast  in  the  presence  of  1  x  10  ^M  arsenite. 

The  observation  of  Bassham  that  the  ribulose-l,5-diP  carboxy- 
lase system  may  act  differently  in  the  dark  or  in  vitro  as 
contrasted  to  in  vivo  in  the  light  indicates  that  the  primary 
carboxylation  reaction  needs  reinvestigation. 

Enzyme  data 

Enzymes  of  the  reductive  pentose-P  cycle  are  widespread  in 
nature.   None  of  them  with  the  possible  exception  of  the  TPN- 
linked  glyceraldehyde-3-P  dehydrogenase^  ^  appear  to  be  the 
exclusive  property  of  the  photo synthetic  cell.   In  contrast  to 
studies  with  glycolysis,  the  urea  cycle  and  pyrimidine  synthesis 
where  the  least  active  enzyme  had  a  capacity  several- fold  higher 
than  the  overall  system,  a  comparison  of  the  activities  of  the 
individual  enzymes  of  reductive  pentose-P  cycle  with  the  rate 
of  photosynthetic  COg  fixation  of  intact  cells  revealed  certain 
deficiencies.   Peterkofsky  and  Racker^^j  reported  low  activities 
for  transaldolase,  ribulose-l,5-diP  carboxylase,  sedoheptulose- 
1,7-diphpsphatase  as  well  as  forsfructose-l,6-diphosphatase. 
Richter   '^  and  Fewson  et  al.     reported  the  absence  of 
fructose-l,6-diP  aldolase  from  extracts  of  blue-green  algae. 
Szymona  and  Doudoroff^   -'  and  later  Richter  reported  only  small 
amounts  of  this  aldolase  in  extracts  of  Rhodop seudomona s 
spheroides.  While  caution  must  be  exercised  in  evaluation  of 
these  observations,  it  does  suggest  that  a  search  should  be  made 
for  alternative  enzymes  catalyzing  individual  steps  of  the  cycle, 
particularly  where  apparent  enzyme  deficiencies  are  observed. 

Isotope  distribution  data  /, \ 

The  earliest  experiments  of  Calvin  and  coworkers^    showed 
that  brief  exposure  of  photosynthe sizing  higher  plants  and  algae 
to  C^^Op  produced  3- PGA  labeled  mainly  in  the  carboxyl  carbon  and 
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a  hexose  sugar  labeled  predominantly  in  carbon  atoms  3^  ^  (0-3^ 
C-k) .      Subsequently  isotope  entered  the  a  and  3  carbons  of  3-PGA 
and  Crl,   C-2,  C-5,  C-6  of  the  hexose.   Similarity  in  distribution 
of  C   between  both  halves  of  hexose  provided  evidence  that  the 
conversion  of  3-KjA  to  hexose  occurred  via  the  reversal  of  the 
Embden-Meyerhof  pathway.  Using>the  Leuconostoc  mesenteroides 
technique,  Gibbs  and  Kandler^  •^'  reported  that  glucose  isolated 
from  starch  and  sucrose  produced  during  short  periods  of  photo- 
synthesis possessed  an  asymmetric  distribution  of  C^^  rather  than 
the  predicted  symmetrical  distribution.  Many  explanations  such 
as  transaldolase  exchange  reactions  and  pool  dilution  of  the 
dihydroxyacetone-P  have  been  offered  to  circumvent  this  unex- 
pected finding. 


The  absence  of  aldolase  in  extracts  of  blue-green  algae  and 
the  report  of  Handler^ ^^^  that  the  distribution  of  C"^^  in  the 
products  formed  during  photosynthesis  in  C  Op  by  Anacystis 
nidulans  was  similar  to  those  obtained  with  Cnlorella,  an  alga 
which  contains  aldolase,  prompted  an  examination  of  the  distribu- 
tion pattern  of  C   in  A.  nidulans  polysaccharide. 

Table  1.   DISTRIBUTION  OF  C-l4  IN  POLYSACCHARIDE  GLUCOSE 
FORMED  DURING  PHOTOSYNTHESIS  USING  A.  nidulans  and  C  pyrenoidosa 


Time 

(sec) 

C-1 

C-2 
Chlorella 

C-3 
pyre no 

C-4 
idosa 

C-5 

c-6 

5 

5.0 

5.4 

73 

100 

0.8 

0.8 

10 

5.2 

5.i* 

80 

100 

1.5 

2.k 

20 

Ih 

12 

86 

100 

8.5 

9.6 

30 

20 

IT 

86 

100 

Ik 

18 

Anacyst: 

Is  nidulans 

5 

5.6 

1.6 

55 

100 

0.9 

0.9 

10 

9-3 

5.5 

68 

100 

0.8 

2.1 

20 

18 

8.0 

77 

100 

3.9 

9.0 

30 

26 

21 

73 

100 

11 

19 

Relative  specific  activity  of  the  carbons  of  glucose  on  the  basis 

of  C-4=100 

Ik 

Table  I  shows  the  asymmetric  pattern  of  distribution  of  C 
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in  the  glucose  of  the  polysaccharide.  These  results  and  those  of 
Kandler  and  Richter  suggest  the  following:   (l)  aldolase  is 
present  in  Anacystis  and  Chlorella  and  the  reductive  carbon  cycle 
functions  in  both  organisms  but  the  enzyme  is  not  detected  in 
extracts  of  Anacystis  for  various  reasons;  (2)  aldolase  is  not 
involved  with  the  conversion  of  COg  to  carbohydrate  during  photo- 
synthesis; (3)  different  mechanisms  of  photosynthetic  assimila- 
tion of  CO2  operate  in  the  2  algae  but  both  mechanisms  give  rise 
to  the  same  distribution  of  C   pattern. 

Feeding  of  labeled  acetate  and  COp  in  the  dark 

It  became  of  interest  to  determine  whether  asymmetry  of  label 
in  the  glucose  was  a  light-dependent  event.   It  was  found  that 
C^^Oo  and  acetate- l-C-'-^  given  to  Chlorella  produced  an  asym- 
metrically labeled  glucose;  in  contrast,  acetate-2-C-'-^  formed  a 
symmetrically  labeled  hexose  (Table  2). 

Table  2.   DARK  INCORPORATION  OF  C  Op,  ACETATE-1-C   ,  AND 

14 
ACETATE-2-C   INTO  GLUCOSE  OF  C.  pyrenoidosa 

Sub St. 

*k 

^  °2      11, 
acetate-l-C,r 

acetate-2-C, . 
acetate-2-C 

Light  is  apparently  not  necessary  for  the  formation  of 
asymmetrically  labeled  glucose  from  COg.   In  the  dark,  the 
labeled  acetates  are  apparently  incorporated  into  glucose  by  2 
super- imposed  over-all  mechanisms;  a  rapid  one  involving  the 
citric  acid  cycle  and  glycolytic  pathway  yielding  symmetrically 
labeled  glucose  and  a  slower  operating  carbon  reduction  cycle 
which  causes  asymmetry.   The  conclusion  can  be  drawn  that  asym- 
metry is  a  property  of  the  carbon  reduction  cycle  and  not  of  the 
pathways  leading  to  carbohydrate  involving  the  reversal  of 
respiration^ -^5; . 

Feeding  of  labeled  sugars 

To  test  whether  asymmetry  is  characteristic  of  the  reductive 
carbon  cycle  or  of  respiratory  pathways,  specifically  labeled 
glucose  and  ribose  were  fed  to  algae.   Further  information  of 
carbohvdrate  metabolism  was  obtained  by  using  Chlorella  pyrenoi- 
dosa''-^^^  which  contains  aldolase  and  Tolypothrix  tenuis  which  is 


Time 
(hour) 

C-1 

C-2 

C-3 

C-k 

C-5 

C-6 

1 

IT 

Ik 

61 

100 

k 

k 

1 

ko 

35 

89 

100 

23 

26 

0.5 

100 

103 

55 

50 

103 

110 

1 

100 

9k 

50 

53 

105 

lOi^ 

lacking  aldolase. 
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Ik 
Table  3-   PERCENT  DISTRIBUTION  OF  C   IN  GLUCOSE 

POLYSACCHARIDE  AFTER  FEEDING  OF  LABELED  SUGARS  TO 

C.  pyrenoidosa  and  T.  tenuis 


Substrate 

glucose-l-C^2i 
glucose-2-C,. 

glucose-6-C,2^ 

glucose-l-C,K 

glucose-2-C,K 

glucose-6-C. 

ribose-1-C 


Organism 

C-1 

C-2 

c-3 

C'k 

C-5 

c-6 

Chlorella 

83 

2 

2 

2 

0 

11 

Chlorella 

3 

72 

5 

2 

16 

2 

Chlorella 

17 

3 

1 

8 

0 

71 

Tolypothrix 

80 

3 

11 

3 

1 

2 

Tolypothrix 

25 

56 

13 

1 

2 

3 

Tolypothrix 

10 

2 

2 

1 

0 

87 

Tolypothrix 

kl 

15 

28 

2 

2 

2 

After  2  hours  of  incubation  with  the  labeled  substrates,  it  is 
evident  that  Chlorella  which  contains  aldolase  converts  glucose 
to  triose  phosphates  and  back  to  polysaccharide  via  the  Embden- 
Meyerhof  pathway.  The  distribution  of  isotope  suggest  that  the 
blue-green  alga  which  does  not  contain  aldolase  possesses  an 
extremely  active  pentose-P  cycle.   Limited  equilibration  between 
the  two  halves  of  the  glucose  molecule  in  Tolypothrix  in  con- 
trast to  Chlorella  is  taken  as  further  evidence  of  a  lack  of 
aldolase  in  the  blue- green  cell.  On  the  other  hand,  an  extremely 
rapid  pentose-P  cycle  together  with  an  active  glyceradehyde-3-P 
oxidizing  system  could  prevent  the  reformation  of  fructose-1,6- 
diP  from  glyceraldehyde-3-P.   Structural  differences  between  the 
two  kind  of  algae  may  effect  the  handling  of  the  labeled  sugars. 
The  Chlorophyceae  algae  possess  a  definite  chloroplast  and  mito- 
chondria.  In  contrast,  the  Myxophyceae  are  the  only  algae  in 
which  the  pigments  are  not  centered  in  definite  chromatophores 
and  in  which  typical  mitochondria  type  structures  are  not  evident. 
However,  enzymes  of  the  pentose-P  cycle  and  Embden-Meyerhof  path- 
ways are  not  usually  associated  with  cellular  particulate  matter. 


Studies  with  isolated  chloroplasts 

The  pioneering  work  of  Arnon  and  his  associates  indicated  that 
the  isolated  chloroplast  might  afford  a  useful  technique  in 
elucidating  the  nature  of  asymmetry  in  the  reductive  pentose-P 
cycle.   Arnon  et  al.     had  provided  evidence  that  both  the 
intact  chloroplast  and  reconstituted  chloroplast  system  had  a 
complete  and  functioning  cycle,.  This  conclusion  was  based  essen- 
tially on  the  appearance  of  C   in  some  compounds  of  the  cycle 
after  light- induced  C  Op  uptake.   Since  the  C   can  spread  to  a 
number  of  compounds  by  a  series  of  reactions  which  do  not  neces- 
sarily constitute  a  cycle,  its  appearance  in  a  few  compounds  of 
the  reductive  pentose-P  cycle  is  only  suggestive  evidence  that  a 
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functioning  reductive  COp  cycle  is  present  in  the  isolated  sys- 
tems. The  conclusion  of  Arnon  was  tested  by  supplying  intact       | 
spinach  chlorop lasts  and  reconstituted  spinach. and  pea  chloro- 
plast,  preparations  with  C-'-^Op,  light,  and  PPNR^-*-"^.   In  addition 
to  C  Op,  broken  spinach  chloroplasts  were  supplied  with  D- 
ribose-5-P  or  ribulose-l,5-diP.  With  the  pea,  material  prepared 
by-  the  method  of  Stocking,  glycerate-3-P-l-C   replaced  the 
C  Op  and  pentose-P^^^v  Similar  experiments  have  been  reported  by 
Trebst  and  Fiedler^  -"' . 

Table  k.      DISTRIBUTION  OF  C   IN  GLUC0SE-6-P  AND  GLYCERATE-3-P 
FORMED  DURING  C  Op  FIXATION  BY  INTACT  SPINACH  CHLOROPLASTS 

Carbons  of  glucose-6-P      K   min.    10  min.    hO   min. 

C-1  Ih  79  92 

C-2  73  75  82 

C-3  97  86  9^ 

c-h  100  100  100 

C-5  —  61  92 

C-6  51  62 

Carbons  of  3 -PGA 

COOH  100       100        100 

CH  OH  55        63        75 

CH^OP  62      63       8o 

Carbon  content  is  based  on  C-^  or  C00H=100 

The  most  striking  results  of  these  data  (Tables  k   and  5)  was 
the  rapid  spread  of  tracer  which  had  taken  place  in  the  compounds 
derived  from  the  whole  chloroplast  experiments.   In  sharp  con- 
trast, the  spread  of  C   was  low  in  those  compounds  isolated  from 
the  reconstituted  systems.   It  is  of  significance  that  this  dif- 
ference could  not  have  been  predicted  on  the  basis  of  detecting 
which  compounds  were  labeled  and  which  were  unlabeled  since  C-"- 
appeared  in  essentially  the  same  compounds  in  the  experiments 
with  both  whole  chloroplasts  and  reconstituted  systems.   It  is 
concluded  from  these  data  that  the  intact  chloroplasts  possess  a 
complete  reductive  pentose-P  cycle  even  though  the  rate  of  COp 
assimilation  was  only  2^  of  that  reported  for  intact  photosyn- 
thetic  tissue.   This  cycle  was  operating  at  a  limited  rate,  if  at 
all,  in  the  broken  preparations.   This  inability  of  the  recon- 
stituted system  to  carry  out  a  complete  cycle  indicates  that  the 
present  methods  of  preparing  reconstituted  chloroplast  systems 
must  be  modified.   Perhaps  this  failure  should  have  been  expected 
since  the  intact  chloroplasts  were  able  to  reduce  COp  at  a  small 
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Table  5-   DISTRIBUTION  OF  C   IN  GLUC0SE-6-P, 
FRUCTOSE- 1,6-diP,  AND  GLYCERATE-3-P  ISOLATED  FROM  RUPTURED  PEA 
CHLOROPLAST  SYSTEM  AFTER  40  MINUTES  OF  INCUBATION 

.1^ 


C   content  with 

substrate: 

Carbons 

of 

glucose-6-P 

ribose-5-P 

glycerate-3-P-l-C 

C-1 

k 

10 

C-2 

k 

k 

C-3 

60 

83 

C-k 

100 

100 

C-5 

1 

1 

C-6 

1 

1 

Carbons 

of 

fructose-l,6-dlP 

C-1 

6 

3 

C-2 

9 

3 

C-3 

97 

96 

C-k 

100 

100 

C-5 

3 

k 

C-6 

3 

5 

Carbons 

of 

3-PGA 

COOH 

100 

100 

CHOH 

1 

T 

CHgOP 

2 

8 

Carbon  content  is 

based  on  C-^ 

or  COOJ 

[=100 

Ik 


rate  when  compared  to  the  intact  cell.  All  attempts  to  increase 
the  basic  rate  of  COp  reduction  by  the  intact  higher  plant  chloro- 
plast  in  this  laboratory  and  apparently  in  others  have  resulted 
in  uniform  failure.   It  would  appear  that  the  present  methods  of 
preparing  chloroplasts,  0.35  M  NaCl,  O.k   M  sucrose,  or  density 
gradient,  are  not  suitable  for  elucidation  of  the  path  of  carbon. 
Even  though  isotope  spreads  rapidly  throughout  the  carbon  atoms 
of  the  hexose  in  the  intact  chloroplast,  the  low  overall  rate  is 
still  an  important  problem  that  cannot  be  ignored.   The  data 
obtained  with  these  preparations  substantiate  the  observation  of 
Bassham  and  Kirk'^  that  differences  may  occur  between  the  intact 
and  fragmented  systems.   Integrity  of  a  multifunctional  enzyme 
system  may  be  a  key  factor  in  elucidation  of  the  cycle. 


Inhibitor  data 

The  site  of  iodoacetamide  inhibition  has  been  reported  to 
phosphoribulokinase   '  while /the  site  of  arsenite  inhibition 
cannot  be  assigned  at  present  '  . 

(21  22) 
D-threose-2,i*-diP  has  been  reported^   '    to  specifically 
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inhibit  muscle  and  yeast  glyceraldehyde-3-P  dehydrogenase.  Park 
et  al. ^  ^  observed  that  threose-2,U-diP  inhibited  COp  fixation 
by  sonically  ruptured  spinach  chloroplasts  and  assigned  the  site 
of  inhibition/agxthe  TPN-linked  triose-P  dehydrogenase.  Gibbs 
and  Bamberger^  '   have  repeated  these  experiments  using  the 
intact  spinach  chloroplasts.  Threose-2,4-diP  (10"^  M)  did  not 
affect  C0_  assimilation.  The  diphosphate  may  not  penetrate  the 
chloroplast  but  evidence  obtained  in  this  laboratory  shows  that 
other  diphosphates,  sedoheptulose  and  fructose,  can  affect  COp 
fixation.   Indeed,  when  threose-2,4-diP  (l.l  x  10'  M)  was  in- 
cubated with  the  rabbit  muscle,  DPN- spinach  or  TPN- spinach 
triose-P  dehydrogenase,  the  mammalian  and  the  DPN- linked  plant 
enzymes  were  inhibited  completely  while  the  TPN-enzyme  was 
unaffected.  These  data  indicate  that  the  DPN-dehydrogenase  is 
not  a  rate-limiting  step  in  the  chloroplast  carbon  cycle. 
Threose-2,4-diP  would  appear  to  be  of  little  value  in  elucidating 
the  enzymes  involved  in  the  carbon  reduction  cycle  in  the  intact 
chloroplast . 


The  inhibition  of  the  enzyme  is  apparently  due  to  the  simi- 
larity between  threose-2,4-diP  and  1,3-diPGA  molecules.   The 
data  obtained  here  suggest  that  the  mechanism  of  the  TPN-enzyme 
may  differ  from  that  of  its  nucleotide  counterpart.   Perhaps, 
1,3-diPGA  is  not  the  real  substrate  for  this  enzyme  and  there- 
fore, inhibition  does  not  occur. 

An  unexpected  finding  was  the  inhibition  by  sedcheptulose-T-P 
of  COp  fixation  by  the  intact  chloroplast.   In  contrast  to 
threose-2,i+-diP,  sedoheptulose-T-P  inhibited  the  rabbit  muscle 
enzyme  as  well  as  both  triose-P  dehydrogenases  from  spinach 
chloroplasts  (Table  6) . 

Table  6.   EFFECT  OF  D- SEDOHEPTULOSE-T-P  ON  GLyCERALDEHYDE-3-P 
DEHYDROGENASE  FROM  RABBIT  IWSCLE  AND  SPINACH  CHLOROPLAST 


Enzyme  source 

muscle- DPN 
muscle- DPN 
muscle- DPN 
chloroplast- DPN 
chloroplast- DPN 
chloroplast-TPN 
chloroplast-TPN 


S-7-P 

-i+ 
5x10  ^M 

IxlO'^M 

2xl0"^M 

5xlO"  M 

IxlO'j^M 

5xlO"^M 

lxlO"^M 


Back  reaction   Forward  reaction 
^  inhibition 


14 
37 
53 
33 
66 
10 
50 


28 

33 
40 
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Fructose-6-P,  D-erythrose-U-P,  D-glucose-6-P,  glycolaldehyde-P 
and  D-ribose-5-P  had  no  inhibitory  effects  on  any  of  the  dehy- 
drogenases. 

Sedoheptulose-T-P  may  act  as  a  controlling  agent  of  the  carbon 
reduction  cycle.  Accumulation  of  this  compound  could  effectively 
block  the  cycle  in  the  reconstituted  systems.   Inorganic  phos- 
phate was  suggested  earlier  to  have  a  similar  function^  ■'■'. 

Conclusion 

The  reductive  pentose- P  scheme  as  postulated  by  Calvin  and 
his  associates  can  account  for  most  in  vivo  and  in  vitro  obser- 
vations sximmarized  here.  While  the  role  of  asymmetry  in  the 
labeling  pattern  is  not  unique  to  autotrophic  systems,  its  signif- 
icance is  still  unknown  in  the  photosynthetic  process.  The  appar- 
ent absence  of  fructose-l,6-diP  aldolase  from  extracts  of  the 
Cyanophyceae  poses  a  problem.  Either  the  correct  conditions  for 
detecting  this  enzyme  have  not  been  employed  or  the  more  primi- 
tive photosynthetic  cell  may  have  a  reductive  carbon  cycle  which 
differs  from  the  higher  plants.  A  perplexing  problem  is  the  low 
rate  of  COo  fixation  by  the  isolated  higher  plant  chloroplasts, 
especially,  when  the  same  preparations  reduce  TPN  with  concomi- 
tant ATP  formation  to  satisfy  the  demands  of  intact  cell  photo- 
synthesis.  It  may  be  that  in  vitro  preparations  presently  used 
may  or  may  not  duplicate  the  carbon  cycle  of  the  in  vivo  process. 
There  are  no  reports  on  the  isolation  of  particles  from  unicellu- 
lar material  capable  of  assimilating  CO2  at  a  rate  equivalent  to 
or  higher  than  that  reported  for  the  higher  plant  chloroplast. 
The  photoelectron  transport  system  is  apparently  so  intimately 
connected  with  the  carbon  reduction  cycle  that  physical  separa- 
tion may  not  be  possible.  Perhaps  the  connecting  link  between 
the  two  systems  is  more  than  ATP  and  TPNH. 
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THE  PRODUCTION  OF  GLYCOLLATE  DURING  PHOTOSYOTHESIS 
C.  P.  Vfliittingham,  R.  G.  Hiller,  and  M.  Bermingham 

A  direct  investigation  of  the  compounds  first  fonned  during  photosynthesis 
became  possible  only  with  the  exploitation  by  M.  Calvin  of  the  radioactive 
isotope  of  carbon,  carbon  14,  coupled  with  the  technique  of  paper  chroma- 
tography and  led  to  formulation  of  the  photosynthetic  carbon  reduction  cycled -'•), 

Most  of  the  investigations  by  Calvin  and  his  colleagues  were  of  photosyn- 
thesis at  concentrations  of  carbon  dioxide  far  higher  than  that  in  nonnal  sir. 
In  our  laboratory  we  have  investigated  the  products  of  photosynthesis  in 
Ch lore 11a  over  a  range  of  concentrations  of  COo  above  and  below  that  in  air. 
We  have  confirmed (2)  previous  observations(3>47  that  at  low  carbon  dioxide 
concentrations  a  large  fraction  of  the  carbon  dioxide  fixed  in  photosynthesis 
is  converted  to  glycolic  acid,  and  to  the  amino  acids  glycine  and  serine.  As 
the  carbon  dioxide  concentration  is  increased  production  of  glycollic  acid  and 
glycine  decreases  and  sucrose  becanes  the  major  product.  Other  compounds, 
e.g.,  alanine,  malic  and  aspartic  acids,  are  not  markedly  affected  by  changing 
the  carbon  dioxide  concentration  within  the  range  studied  by  us  and  represent 
a  relatively  small  fraction  of  the  total  carbon  fixed. 

EXPERir-TENTAL  [METHODS 

In  all  the  experiraents  three-  to  four-day-old  cultures  of  Chlorella 
pyrenoidosa  (Bnerson  Strain)  grown  on  H%   carbon  dioxide  in  air,   at  constant 
light  intensity  and  temperature  (22°  C) ,  were  used.  Cells  were  harvested  by 
centrifugation,  washed  once  with  distilled  water,  and  resuspended  in  potassium 
dihydrogen  phosphate  solution  (10~^  M;  pH  4.5-5.0).  A  cell  density  of  1650  ul 
wet  packed  volume  of  cells  per  100  ml  of  solution  was  used. 

Ihe  cell  suspension  was  illuminated  in  a  perspex  chamber  5  mn  thick  and 
19  cm  in  diameter,  the  incoming  gas  system  aei^ting  the  suspension  through  a 
finely  perforated  polythene  tube.  Carbon  dioxide  uptake  during  photosynthesis 
was  measured  by  passing  the  outflowing  gas  through  an  infrared  CO2  analyser. 
Glycollic  acid  in  the  medium  was  estimated  by  the  colorimetric  method  of 
Calkins(5)j  after  centrifuging  the  cells  (3OOO  x  g  for  5  min)  and  concentrating 
the  supernatant  in  vacuo  at  30°  C.  A  slight  brownish  color  was  given  by 
samples  taken  after  the  cells  had  been  aerated  in  the  dark  for  30  min,  and  this 
reading  was  subtracted  from  that  of  the  bright  purple  obtained  after  30  min 
subsequent  photosynthesis.  Isoniazid  gave  no  colour  with  the  glycollic  acid 
reagent . 

The  products  of  photosynthesis  when  Chlorella .was  fed  ^^C02  were  determined 
using  the  techniques  developed  by  Calvin,  et  al^^-^  .  The  suspension  was  first 
aerated  in  the  dark  for  30  min  and  then  illuminated  at  20,000  lux  for  a  further 
30  min,  after  which  the  non  radioactive  CO2  was  replaced  with  -'■^002  at  the  same 
flow  rate  and  total  CO2  concentration.  Samples  were  taken  directly  into 
boiling  ethanol.  After  centrifligatlon,  the  cell  residues  were  reextracted  with 
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201  ethanol  and  the  two  extracts  combined.  Subsequent  treatment  followed  the 
procedure  of  Bassham  and  Calvin^  ^> .     Radioactivity  in  the  compounds  located  by 
radioautography  was  counted  directly  on  the  paper  chromatograms  using  a  thin 
end-window  Geiger-Muller  tube. 

PHOTOSYNTOETIC  GLYCOLLATE  PRODUCTION 

The   production  of  glycollate  was  first  determined  during  photosynthesis  at  a 
high  light  intensity  (56,000  lux)  and  with  different  concentrations  of  CO2. 
These  concentrations  of  CO2  are  those  in  the  gas  phase  bubbling  through  the 
suspension;  the  effective  CO2  concentration  at  the  cell  surface  was  estimated 
to  be  of  the  order  of  one-tenth  of  this.  Ihe  results  are  shown  in  Fig.  1. 
The  maximum  rate  of  glycollate  excretion  was  reached  at  a  CO2  concentration  in 
the  gas  phase  of  0.1%;  above  this  value  the  rate  declined  rapidly,  reaching  a 
very  low  value  at  0.4^  CO2.  Ihe  rate  of  photosynthesis  increased  almost 
linearly  over  the  range  of  O.O3  to  0.2'4%  CO2.  Above  0.24%  the  rate  increased 
less  with  increase  in  concentration,  but  saturation  was  not  reached  with  the 
highest  concentration  used,  i.e.,  0.4%.  At  hi^er  CO2  concentrations  prelimi- 
nary experiments  show  that  as  photosynthesis  becomes  CO2  saturated  the  excre- 
tion of  glycollate  remains  low.  A  time  course  of  14c02  incorporation  into 
individual  ethanol  soluble  conpounds  during  photosynthesis  at  0.1%  (="low  CO2") 
the  point  of  maximum  glycollate  excretion,  and  0.4%  CO2  (="high  CO2")  is  shown 
in  Fig.  2.  At  "low  CO2"  there  is  more  activity  in  glycollate  and  glycine 
despite  a  lower  rate  of  CO2  fixation.  At  "high  CO2",  activity  in  the  two 
carbon  conpounds  is  suppressed  while  that  in  PGA  and  sucrose  increased  sharply. 


t 


I 


0-2 
CO,  concn.  {%) 


&   5  0   1 

TIME      IN    MNUTES 


Fig.  1.  The  effect  of  carbon  dioxide  concentration  on  glycollic 
acid  excretion  and  the  rate  of  carbon  dioxide  uptake  in  the 
presence  and  absence  of  isoniazid.  In  the  absence  of  isoniazid: 
9,   glycollic  acid  excretion; A.,  carbon  dioxide  uptake.  In  the 
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presence  of  isonlazidrO,  glycolllc  acid  excretion; A,  carbon 
dioxide  uptake. 

Fig.  2.  The  time  course  of  l^^C  incorporation  into  individual 
conpounds  of  the  ethanol-soluble  fraction. 

high  carbon  dioxide  concentration 
low  carbon  dioxide  concentration 


in  the  absence  of  isonlazid 


hi^  carbon  dioxide  concentration 
low  carbon  dioxide  concentration 


in  the  presence  of  isonlazid 


We  have  found  (2,6)  that  the  drug  Isonlcotinyl  hydrazlde  has  a  marked  effect 
on  the  products  of  but  not  the  rate  of  photosynthesis  in  Chlorella.  Its  use 
results  in  a  250^  increase  in  glycollate  production  for  the  same  CO2  uptake 
(Table  I).  -'•^COg  studies  show  that  an  equal  amount  of  glycine  is  produced 
(Fig.  2),  and  if  both  carbon  atoms  of  glycollate  and  glycine  are  supplied  by 
the  CO2  they  would  together  equal  1/2  of  the  total  CO2  uptake.  This  accumula- 
tion of  2  carbon  conpounds  in  the  presence  of  INH  results  from  blocking  the 
conversion  of  glycine  to  serine  and  subsequent  products,  e.g.,  alanine, 
aspartate  and  malate  (see  Figs.  2  and  3). 

T^le  I.  Effect  of  isonlazid  concentration  on  the  rate  of 
photosynthesis  and  glycollate  excretion. 


Isonlazid  concentration 


Rate  of  photosynthesis 
ul  CO2/UI  cellsAir 


Rate  of  glycollate  excretion 
ug/glycollate/ul  cellsAir 


0 
10-^  M 
10-3  M 
10-2  ivi 


2.77 
2.62 
3.42 
3.13 


0.435 
0.772 
0.830 
1.26 


It  is  believed  that  (at  low  CO2)  serine  is  converted  to  aspartate  and  malate 
via  phosphoenol  pyruvate  for  the  following  reasons:  inhibition  by  INH  of  I4c02 
incorporation  into  malate  and  aspartate  can  be  observed  within  5  sec  of 
exposure  to  l^cop  and  before  glycollate  and  glycine  are  active.  This  activity 
in  aspartate  and  malate  is  largely  confined  to  the  Ci^   position  in  the  controls, 
but  on  the  other  hand  INH  does  not  inhibit  dark  j'-^C02  fixation  into  aspartate 
and  malate,  incorporation  of  the  activity  from  l^c  glucose  into  aspartate  and 
malate,  or  PEP  carboxylase  in  vitro. 

The  derivaticai  of  the  carbon  skeletons  of  glycollate  and  glycine  from  inter- 
mediates of  the  carbon  reduction  cycle  was  shown  by  an  experiment  in  which  the 
ethanol  soluble  coipoyinds  of  Chlorella  were  labelled  during  photosynthesis  in 
0.1^  CO2  containing  -"-^COp.  After  5  rain  the  l4co2  was  replaced  by  ■'■2c02,  and 
the  subsequent  changes  in  the  intermediates  are  shown  in  Fig.  3- 

The  intennediates  may  be  divided  into  3  classes:  1)  substances  in  which  the 
radioactivity  decreased  rapidly,  e.g.,  PGA,  sugar  monophosphates  and  diphos- 
phates; 2)  substances  showing  initially  a  slight  increase  or  steady  level  of 
l^c  subsequent  to  the  change  and  then  decreasing.  This  group  contains  all  the 
amino  acids;  3)  substances  which  continued  to  increase  in  l^c  content,  e.g., 
sucrose  and  glycollate,  the  latter  being  excreted  into  the  medium. 

The  change  in  concentration  of  various  intermediates  in  a  period  of  darkness 
inmediately  following  photosynthesis  was  also  investi^ted.  When  the  light  was 
turned  off  the  intermediates  of  the  photosynthesis  cycle  were  converted  to  PGA 
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Fig.  3.  Ihe  time  course  of  loss  of  radioactivity  in  individual 
conpounds  when  -'-^C  is  removed  from  the  gas  phase. 

A   in  the  absence  of  INH,Ain  the  presence  of  INH. 

and  thence  transformed  to  the  amino  acids  alanine  and  glutamic  acid.  The  sum 
total  of  radioactivity  in  serine  together  with  glycine  did  not  change  after  the 
illumination  ceased  (Fig.  4).  This  indicates  that  (in  the  absence  of  I'JHj)at  low 
CO2  tensions  glycine  and  serine  are  the  main  amino  acids  formed  frcm  the  photo- 
synthetic  cycle,  whereas  in  the  dark  iimediately  following  the  light  the  main 
cycle  exit  is  to  alanine  and  glutaiiate  (the  latter  through  the  tricarboxylic 
acid  cycle). 


13  5  7   10 

MINUTES 


13   5   7    10 
MINUTES 


5  7    R5" 
MINUTES 


Pig.  4.  The   changes  in  time  course  in  radioactivity  upon 
darkening  after  5  min.  illumination  at  0.2%   CO2.  Solid 
symbols,  +1M;   open  symbols.  Control. 

We  have  also  shown^ ''  that  it  is  these  corrpounds  that  are  formed  when  radio- 
active glucose  is  fed  to  Chlorella  in  the  dark.  Initially  most  of  the  radio- 
activity from  glucose  appeared  in  sugar  mono-  and  diphosphates  and  subsequently 
in  PGA  and  alanine,  which  lost  activity  after  15  min  to  aspartate  and  glutamata 
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In  unpublished  experiments  we  have  found  that  the  addition  of  ATP  and  ribose- 
5-phosphate  to  Chlorella  cell  brei  in  the  dark  results  in  ^^C02   fixation  into 
PGA,  phosphoenol  pyruvate,  alanine,  aspartate  and  glutamate.  In  both  the 
above  experiments  negligible  amounts  of  activity  were  found  in  glycollate, 
glycine  and  serine.  INH  did  not  affect  these  results,  confirming  that  there 
is  no  major  flow  of  carbon  through  these  corrpounds  in  the  dark  as  there  is  in 
the  light. 

PHOTOrCTABOLISM  OF  GLUCOSE 

a)  Effect  of  partial  pressures  of  carbon  dioxide 

Ihe  distribution  of  activity  in  the  various  intemiedlates  following  addition 
to  Chlorella  of  a  constant  amount  of  uniformly  labelled  -'-^C  glucose  is  sum- 
marized in  Table  II.  The  results  show:  1)  a  progressively  slower  utilisation 
of  glucose  at  the  higher  concentration  of  CO2;  2)  a  faster  movement  of  radio- 
activity through  the  photosynthetic  cycle  intermediates  (the  sugar  diphosphates 
and  a  large  part  of  the  sugar  monophosphates)  suggesting  that  the  photosyn- 
thetic cycle  rotates  at  a  higher  speed  at  higher  concentrations  of  COp;  and 
3)  that  as  the  cycle  intermediates  lose  their  activity  with  time,  it  appears 
in  two  sets  of  conpounds.  At  low  concentrations  of  CO2  the  decrease  is 
largely  accounted  for  by  the  increase  in  2C  conpounds  and  their  derivatives. 
(We  regard  aspartate,  malate  and  alanine  as  largely  derived  from  2C  compounds, 
at  least  at  the  Icwer  CO2  tensions,  since  their  formation  is  inhibited  by  INH — 
see  belcw.)  At  higher  COp  concentrations  this  formation  of  2C  compounds  is 
decreased,  and  most  of  the  activity  lost  from  the  cycle  foms   sucrose. 
Dependence  of  sucrose  formation  on  CO2  tension  would  not  be  expected  if  there 
was  a  direct  conversion  of  glucose  to  sucrose,  and  this  suggests  the  latter  has 
been  formed  via  the  carbon  reduction  cycle. 

Table  II.  Effect  of  partial  pressure  of  CO2  on  photoassimilation 
of  glucose.  All  figures  are  approximations  based  on 
counts  applied  to  the  chromatograms  minus  the  counted 


%   Distribution 

of  activity  in  ethanol  soluble  compounds] 

% 

glucose 

unused 

%      Time 
COp  (min) 

Glycol- 
late 

Glycollate 
+  glycine 
+  serine 

Aspartate 
+  malate 
+  alanine 

Cycle  intermediates 
(sugar  monoP,  FtuDP, 
Sucrose    PDP  &  UDPG) 

0 

4 
11 

8.3 
8.3 

8.3 
30.0 

13.3 
20.0 

2.5 
2.7 

60 
20 

33 
0 

0.01 

3 
15 

8.8 
18.6 

8.8 
27.0 

9.0 
10.0 

5.^ 
19.2 

61 

15 

40 
0 

O.O3A 

3 
15 

5.2 

8.9 

5.2 
16.6 

3.0 
3.6 

55.2 
72.4 

37 
6.6 

42 
0 

0.09 

3 

10 

9.0 
11.4 

9.0 
11.4 

3.0 
2.0 

57.^ 
83.6 

23 

7 

55 
30 

b)  Effect  of  Op  partial  pressure  on  the  photanetabolism  of  glucose 

Previous  workers(°'9,10)  Yiave   shown  that  photosynthetic  glycollate  produc- 
tion by  Chlorella  is  increased  by  partial  pressures  of  O2  greater  than  that  in 
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air.  We  have  confirmed  this  in  unpublished  work  and  also  investigated  the 
effect  of  increasing  the  O2  partial  pressure  on  the  photometabolism  of  glucose. 

Table  III  compares  the  effect  of  either  20%  or  99-97  O2  on  the  photo- 
metabolism  of  glucose  by  Chi ore 11a  in  the  presence  of  0.03%  CO2.  Increasing 
the  Op  partial  pressure  greatly  increases  the  activity  in  glycollate  with  a 
corresponding  decrease  in  that  of  sucrose,  suggesting  that  an  intermediate  on 
the  normal  pathway  from  glucose  to  sucrose  can  be  oxidised  to  glycollate.  In 
other  experiments  increasing  the  partial  pressure  of  O2  also  resulted  in  a 
decreased  incorporation  of  glucose  into  ethanol  insoluble  canpounds,  perhaps  as 
a  direct  effect  of  O2  on  the  formation  of  polysaccharides  frcra  sugar  monoP.  In 
the  dark  there  is  negligible  2C  compound  production  fron  glucose-l'^C  even  in 
the  presence  of  oxygen  or  oxygen  and  INH. 


i 


Table  III.  Effect  of  oxygen  partial  pressure  on  photoassimilation 
of  glucose. 

Time 

3  min                 15 

min 

Compound 

0.03%  CO2  0.03%  CO2 
in  air    in  99.97f»  Op 

0.03%  CO2 
in  air 

0.03%  CO2 
in  99.97%  Op 

cp(n        cpm 

cpm 

cpm 

Residual  glucose 
glycine  &  serine 

7254       8476 

1108 

666 

Glycollate 

498       5232 

1252 

11.516 

Sucrose 

5118        408 

10,284 

2786 

RuDP  &  F.  1.6  DP 

490        436 

228 

40 

UDPG 

316        928 

278 

252 

Sugar 
monophosphates 

2628       3144 

436 

258 

Malate  &  aspartate 
&  alanine 

270       912 

504 

384 

Totals 

16,574     19,536       14,090 

15,902 

I 


c)  Effect  of  isoniazid 

During  photosynthesis  at  low  CO2  tensions  INH  inhibits  the  conversion 

1  accumulation  of  2-carbon  compounds^ '^»°'' . 


of 


glycine  to  serine,  leading  to  an 
Table  IV  shows  that  INH  has  a  sindlar  effect  on  the  2-carbon  compounds  formed 
during  the  photometabolism  of  glucose  at  COp  tensions  of  0.03%  or  less.  In  COp 
free  air  more  than  70%  of  the  total  14c  in  the  ethanol  soluble  fraction  was 
recovered  in  glycine  and  glycollate  in  the  presence  of  the  inhibitor.  This 
accumulation  of  2-carbon  compounds  is  accanpanied  by  a  marked  decrease  in 
activity  in  alanine,  aspartate  and  malate.  The  effect  of  INH  on  the  incorpora- 
tion of  activity  into  sucrose  is  variable,  but  there  is  a  marked  inhibition  in 
the  presence  of  O2  and  we  have  found  a  similar  inhibition  by  INH  of  sucrose 
labelled  with  ^^002  in  the  presence  of  99.97%  O2. 


I 


I 

I 
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Table  IV.  Effect  of  isonicotinyl  hydrazlde  on  the 
of  glucose. 

photoassimllation 

Gas  phase 

Cc«ipound 

Time 

3 

min 

15  min 

Control 
cpm 

INK 
cpm 

Control 
cpm 

INH 
cpm 

INH 

in  99.97%  O2 

cpm 

0.03f. 
i;02  in  air 

Residual  glucose 

Glycine  &  serine 

■  725'< 

6724 

0 

0 

2260 

1108 

2324 

3526 

Glycol late 

498 

912 

1252 

3128 

8415 

Alanine,  malate  & 
aspartate 

270 

64 

604 

296 

200 

Sucrose 

5118 

3021 

10,284 

8044 

577 

Insolubles 

1000 

1880 

3960 

2400 

2845 

CO2  free 
air 

4 

min 

11  min 

Residual  glucose 

6998 

563^ 

0 

0 

Glycine  &  serine 

2166 

5960 

Glycollate 

828 

2300 

978 

3544 

Alanine,  malate  & 
aspartate 

1332 

142 

2286 

254 

Sucrose 

252 

362 

286 

740 

Insolubles 

4082 

3540 

8175 

5675 

Ihese  data  are  consistent  with  light  production  of  2-carbon  compounds  from 
glucose  which  may  be  subsequently  metabolised  via  serine  to  give  either  amino 
acids,  e.g.,  alanine  and  aspartate,  or  sugars,  e.g.,  sucrose,  according  to  the 
experimental  conditions. 

Evidence  for  the  latter  pathway  was  found  when  serine-3--^^C  was  fed  to 
Chlorella  in  the  presence  of  0.03%  CO2  and  99.97%,  the  principal  end  products 
being  sucrose  and  glycollate.  In  an  attempt  to  trap  a  possible  intermediate, 
e.g.,  PGA,  iodo-acetamide  was  added  at  5  x  10"^  M,  but  this  had  the  surprising 
effect  of  increasing  the  rate  of  conversion  of  serine  to  all  canpounds. 

d)  Use  of  specifically  labelled  substrates 

Further  experiments  of  the  type  just  described  were  made  using  radioactive 
glucose  specifically  labelled  in  only  one  carbon  atom.  The  radioactive 
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glycollate  produced  was  degraded  and  the  percentage  activity  In  each  of  the  two 
carbon  atoms  determined  following  the  method  given  by  Aronoff(12). 


Table  V.  %   Distribution  of  ^^C  between  the  carbon  atoms 

of  glycollate 

obtained  from  specifically  labelled  glucose--'-  C. 

%   Distribution 

Time  ( minutes j 

Gas  phase 

Additions 

In  glycollate 

3    8     15 

30 

CO2  free   20%  O2 

Glucose  C]_ 

Cl 

_ 

10.8 

15.8 

. 

\   INH 

C2 

- 

89.2 

84.2 

- 

Glucose  Cg 

Cl 

- 

- 

- 

21.1 

+  I^JH 

C2 

- 

- 

- 

78.9 

Glucose  C2 

Cl 

- 

- 

91.6 

- 

+  INH 

C2 

- 

- 

8.4 

- 

0.03%  CO2  20%  O2 

Glucose  C2 

Cl 

- 

- 

91.0 

92.5 

+  INIi 

C2 

- 

- 

9.0 

7.5 

0.03%  cOp  99.97% 

Glucose  Ci 

Cl 

13.8 

18.7 

24.2 

- 

O2 

C2 

86.2 

81.3 

75.8 

- 

Glucose  Cg 

Cl 

10.0 

19.1 

23.8 

- 

C2 

m.^ 

80.9 

76.2 

- 

Glucose  C2 

Cl 

- 

- 

81.8 

77.7 

C2 

- 

— 

18.2 

22.3 

The  results  show  that  C^  of  glucose  gives  rlSe  to  C2  of  glycollate  and  C2  of 
glucose  to  Cl  of  glycollate.  Also  if  Cg  labelled  glucose  is  supplied,  the 
results  are  essentially  the  same  as  when  C^  Is  fed.  Varying  oxygen  or  carbon 
dioxide  partial  pressure  did  not  affect  these  results  despite  the  large  changes 
induced  in  the  production  of  glycollate.  Production  of  Cp  labelled  glycollate 
from  the  Ci  of  glucose  would  be  consistent  with  the  occurrence  of  a  transketo- 
lase  reaction  involving,  e.g.,  fructose-6-P,  and  the  subsequent  liberation  of 
glycollate  from  a  2-carbon  thiamine-pyrophosphate  intermediate  as  has  been 
shown  in  vltro^^^^.  However,  it  is  difficult  to  equate  the  roles  of  light  and 
CO2  with  such  a  mechanism  in  vivo. 

ACKNaVLEDGEfCNTS 

This  research  was  supported  in  v\rfiole  or  in  part  by  the  United  States  Air 
Force  under  Grant  No.  AP-EOAR  62-24  and  monitored  by  the  European  Office  of 
Aerospace  Research.  R.  G.  H.  is  an  I.C.I,  fellow  of  the  University  of  London. 

REFERENCES 

(1)  Bassham,  J.  A.,  and  Calvin,  M.  (1957).  The  Path  of  Carbon  in  Photosyn- 
thesis. Prentice-Hall,  Inc.,  N.  J. 

(2)  Whittin^am,  C.  P.,  and  Pritchard,  G.  G.  (1963).  Proc.  Roy.  Soc.  B.  157, 
366. 

(3)  Wilson,  A.  T.,  and  Calvin,  M.  (1955).  J.  Am.  Chem.  Soc.  77,  5948. 

(4)  Tblbert,  N.  E.,  and  Zill,  L.  P.  (1956).  J.  Biol.  Chem.  222,  895. 

(5)  Calkins,  V.  P.  (1943).  Ind.  Eng.  Chem.  Anal.  Ed.  15,  7627" 


683 


C.  P.  i/\/hitt Ingham,  et  al. 

(6)  ;i/hittingham,  C.  P.,  Pritchard,  G.  G.,  Hiller,  R.  G.,  and  Bermingjiam,  M. 
(1962).  Proc.  Int.  Photosynthesis  Conference,  Paris  (to  be  published). 

(7)  Hiller,  R.  G.,  and  V/liittingham,  C.  P.  (I963).  J.  Expt.  Bot.  (in  press). 

(8)  Warburg,  0.,  and  Krippahl,  G.  (i960).  Z.  Naturforsch.  15b,  197. 

(9)  Bassham,  J.  A.,  and  Kirk,  M.  (I962).  Biochem.  Biophys.  Res.  Corm.  9,  376. 

(10)  Ililler,  R.  M.,  Meyer,  C.  M.,  and  Tanner,  H.  A.  (I963).  Plant  Physiol. 
38,  18^. 

(11)  Aronoff,  S.  (1956).  Techniques  in  Radiobiochemistry.  Iowa  State  College 
Press,  Ames,  Iov;a. 

(12)  Goldberg,  M.  L.,  and  Racker,  E.  (1962).  J.  Biol.  Chem.  237,  PC38^1. 


CHLOROPLAST  NUCLEOTIDE  COENZYMES 
William  L.    Ogren  and  David  W.    Krogmann 


While  the  role  of  pyridine  nucleotides  and  adenosine  triphosphate  in 
photosynthesis  is  accepted  without  reservation,    there  is  still  a  deficit  of 
information  concerning  the  distribution  of  these  coenzymes  in  the  plant. 
Generally,    isolated  chloroplasts  are  incapable  of  energy  conserving 
reactions  unless  exogenous  coenzymes  are  supplied.      This  is  reasonably 
explained  by  assuming  the  loss  of  water  soluble  material  from  the 
chloroplast  in  the  isotonic  salt  or  sucrose  solutions  used  for  isolation  of 
this  subcellular  fraction.      Chloroplasts  prepared  in  non  aqueous  solvents 
present  a  possibility  for  the  study  of  water  soluble  coenzymes  which  are 
associated  with  the  photosynthetic  apparatus  in  vivo.    Studies  of  the 
distribution  of  the  early  products  of  C      O     fixation  indicate  that  very  little 
water  soluble  material  is  lost  from  the  chloroplasts  prepared  in  organic 
solvents      '       .      Conversely,    studies  of  enzyme  distribution  patterns 
suggest  that  chloroplasts  isolated  in  non  agueous  media  suffer  little 
contamination  with  cytoplasmic  elements      '       .     Nevertheless,    so  new  and 
unconventional  a  preparation  must  be  viewed  with  scepticism.     A  serious 
objection  to  chloroplasts  prepared  in  non  aqueous  media  is  the  virtual 
absence  of  Hill  reaction  or  photophosphorylation  activities.      The  hexane- 
carbon  tetrachloride  medium  used  in  cell  fractionation  extracts  much 
lipid  from  the  chloroplasts   -  almost  all  the  plastoquinone  A,    a  small 
amount  of  chlorophyll  and  nauch  else.     Recently  we  have  succeeded  in 
partially  reactivating  the  Hill  reaction  activity  to  indophenol  dye  by 
readdition  of  the  crude  lipid  obtained  from  concentrating  the  isolation 
mediunn  after  the  chloroplasts  have  been  removed.     Representative  data  are 
given  in  Table  1. 

Table  I 

Hill  Activity  of  Spinach  Chloroplasts 
Prepared  in  Non  Aqueous  Media 

Control  22% 

plus  PQA  49% 

plus  PQA,    plus  extracted  lipid  67% 

Values  are  expressed  as  percentages  of 
the  rate  of  indophenol  dye  reduction 
observed  with  chloroplasts  prepared  in 
aqueous  0.  4  M  sucrose. 
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Thus  non  aqueous  chloroplasts,    when  supplemented  with  appropriate  lipids, 
will  carry  out  the  Hill  reaction  at  rates  that  are  comparable  to  those 
observed  with  chloroplasts  prepared  in  the  conventional  aqueous  media. 

While  data  are  available  on  the  pyridine  nucleotide  content  of  whole 
leaves  and  of  chloroplasts  isolated  in  aqueous  media,    a  more  realistic 
appraisal  of  water  soluble  coenzymes  in  chloroplasts  might  be  obtained  by 
measurements  with  chloroplasts  isolated  in  non  aqueous  medium.     In   1954, 
Anderson  and  Vennesland  had  reported  values  of  the  TPN  and  DPN  content 
of  spinach  leaves       .     Recently  Das  and  Crane  published  a  value  for  the 
TPN  content  of  chloroplasts  isolated  in  isotonic  sucrose  medium       . 
Using  the  method  of  Das  and  Crane  which  involves  chromatographic 
separation  of  the  coenzymes  and  direct  enzymatic  analysis       ,    we  have 
confirmed  both  these  reports  and  the  data  are  presented  in  Table  II. 

Table  II 

Spinach  Pyridine  Nucleotide  Distribution 

mjxmoles  per  |jimole  chlorophyll 
DPN  TPN 

Whole  leaves  17.4  5.6 

Chloroplasts  prepared  in 

aqueous  0.  4  M  sucrose  0.033  0.089 

Chloroplasts  prepared  in 

non  aqueous  media  8.  87  5.  06 

It  is  apparent  that  a  very  small  fraction  of  pyridine  nucleotide  in  the  leaf 
appears  in  the  chloroplasts.     Data  are  also  presented  in  this  table  for  the 
TPN  and  DPN  content  of  chloroplasts  prepared  in  non  aqueous  media.     This 
preparation  contains  approximately  half  of  the  total  leaf  pyridine 
nucleotides.     While  most  of  the  leaf  TPN  is  found  in  the  chloroplast,    it  is 
not  the  predonninant  fornn  of  pyridine  nucleotide  coenzyme  in  this  fraction. 
This  is  disquieting  in  view  of  the  assumptions  that  TPN  is  the  biosynthetic 
coenzyme  and  chloroplasts  are  biosynthetic  organelles. 

To  exploit  the  non  aqueous  chloroplast  preparation  further, 
measurements  were  made  of  the  inorganic  phosphate,   ADP  and  ATP  levels 
in  the  whole  leaf  and  in  chloroplasts  prepared  in  non  aqueous  solvents.      The 
data,    obtained  by  the  usual  colorimetric  measurement  of  phosphate  and 
enzymatic  measurements  of  ADP  and  ATP,    are  given  in  Table  III. 
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Table  III 

Inorganic  Phosphate,    ADP  and  ATP 
Distribution  in  Spinach 


Non  Aqueous 
Whole  Leaves  Chloroplasts 

mjimoles  per  (imole  chlorophyll 


Inorganic  phosphate 

ADP 

ATP 


4.2  X  10' 
71.  1 
43.3 


1. 15  X  10" 
16.  5 
20.2 


In  market  spinach,    about  20%  of  the  total  leaf  inorganic  phosphate  appears 
in  the  non  aqueous  chloroplast  fraction.     Approximately  23%  of  the  total 
ADP  and  46%  of  the  total  ATP  are  found  in  these  chloroplasts  which  is 
reassuring  in  comparison  to  the  negligible  quantities  of  these  nucleotides 
found  in  chloroplasts  prepared  in  aqueous  media. 

In  the  hope  that  leaves  freshly  picked  and  immiediately  frozen  in  liquid 
nitrogen  might  provide  a  better  representation  of  the  physiological  state, 
red  kidney  bean  plants  were  used  and  leaf  samples  taken  from  plants  held 
in  darkness  or  exposed  to  illumination  for  three  hours.      The  data  from  a 
representative  experiment  are  presented  in  Table  IV. 

Table  IV 

Effect  of  Light  on  Chloroplast 
Nucleotide  Coenzyme  Levels 


DPN 
TPN 

ADP 
ATP 


Dark  Three  Hours  lUunnination 

7.21  3.38 

3.91  5.58 


23.9  29.5 

12.3  14.9 

m^lmoles  per  |xmole  chlorophyll 


In  general,    the  nucleotide  levels  of  bean  leaves  are  not  very  different  from 
those  found  in  spinach.     However,    preillumination  causes  a  distinct  shift 
in  chloroplast  pyridine  nucleotides  in  that  there  is  a  decrease  in  the  DPN 
and  an  increase  in  TPN.     A  similar  shift  of  DPN  to  TPN  as  a  result  of 
illumination  was  observed  in  whole  Chlorella  cells  by  Oh-Hama  and 
Miyachi       .     Here  the  shift  in  form  of  the  coenzyme  is   seen  to  occur  in  the 
chloroplast  fraction  and  provides  some  encouragement  for  the  notion  that 
TPN  is  the  preferred  coenzyme  in  biosynthetic  or  photosynthetic 
functions.      The  20%  decrease  in  total  pyridine  nucleotide  probably  reflects 
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the  light  induced  reduction  of  a  part  of  the  coenzyme  pool.      The  reduced 
forms  of  the  pyridine  nucleotides  are  destroyed  by  the  acid  extraction 
procedure  used  in  these  measurements.     While  efforts  to  measure  the 
reduced  pyridine  nucleotide  content  are  as  yet  incomplete,    the  data 
indicate  that  there  is  no  more  than  one  fourth  as  much  reduced  as 
oxidized  coenzyme  in  the  chloroplast  fraction.     From  this,    it  appears  that 
the  steady  state  levels  of  reduced  pyridine  nucleotide  and  ATP  do  not 
differ  greatly  in  light  or  darkness. 
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Orthophosphate  was  determined  by  the  method  of  Berenblum  and 
Chain'^^  modified  by  Yanagita^^)  using  the  supernatant  obtained  by  Pro- 
cedure I, 
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METABOLISM  OF  INORGANIC  POLYPHOSPHATES  IN  GROWING 

CHLORELLA  CELLS 

Shigetoh  Miyachi 

In  our  laboratory  we  have  been  studying  on  the  overall  changes  in 
phosphorus  compounds  in  plant  cells  occuring  during  photosynthesis.    It 
was  found  that  Chlorella  ellipsoidea  cells  contain  large  quantities  of  inor- 
ganic polyphosphates.    These  have  been  separated  into  four  fractions: 
poly-P"A"  (acid-soluble),  poly-P"B"  (acid-insoluble  but  soluble  in  cold 
alkali  at  pH  8-10),  poly-P"C"  (insoluble  either  in  cold  a'cid  or  in  cold 
alkali  at  pH  8-10,  but  extractable  with  2NK0H  at  37°  and  co-precipitable 
with  potassium  perchlorate  which  is  formed  upon  neutralization  of  the 
KOH -extract  with  perchloric  acid  (PCA))  and  poly-P"D"  (extractable  with 
2NK0H  together  with  poly-P"C",  but  different  from  the  latter,  does  not  •;' 

CO -precipitate  with  potassium  perchlorate  which  is  formed  upon  neutrali-         | 
zation  of  the  extract  with  PCA).    In  order  to  understand  the  role  of  inor- 
ganic polyphosphates  in  phosphate  transfer  among  the  cell  constituents, 
observations  were  made  on  the  changes  of  P -distribution  occurring  in 
Chlorella  grown  under  photos ynthetic  conditions  or  under  continued  dark- 
ness in  the  presence  or  absence  of  an  exogenous  P-source. 

METHODS 

The  analysis  of  phosphorus  compounds  within  the  algal  cells  were 
determined  according  to  published  methods^ ^  with  modifications  (cf.  2, 
3)  as  follow.     The  cell  material  was  treated  successively  with:    (I)  cold 
8%  TCA,  (II)  cold  ethanol  and  hot  ethanol -ether,  and  (III)  cold  KOH  solu- 
tion of  pH  9.    The  residue  thus  obtained  was  (IV)  incubated  with  2NK0H 
at  37°  for  16-20  hours,  and  (V)  the  supernatant  was  neutralized  with  PCA; 
then  (VI)  to  the  supernatant  was  added  PCA  to  a  final  concentration  of  10%, 
and  (VII)  the  precipitate  formed  was  suspended  in  5%  PCA  and  heated  for 
20  minutes  at  100°. 
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Acid  soluble  nucleotidic  P  compounds  were  adsorbed  by  charcoal 
from  the  supernatant  obtained  by  Procedure  1.     The  charcoal  was  separ- 
ated by  centrifugation  and  treated  with  H2SO4  (final  cone.  ,   1  N)  for  20 
minutes  at  100°.     The  amount  of  orthophosphate  produced  ( A20  P)  was 
assumed  to  be  nucleotidic  labile  P. 

To  the  supernatant  obtained  by  Procedure  1  was  added  a  small  quanti- 
ty of  carrier  polyphosphate,  and  after  adjusting  the  pH  to  4.  0,  poly-P"A" 
was  precipitated  by  the  addition  of  Ba"*"^.     The  amount  of  poly-P"A"  was 
determined  by  assaying  for  orthophosphate  liberated  from  the  Ba -pre- 
cipitate after  hydrolysis  with  1  NH2SO4  for  15  minutes  at  100°  (A15  P). 
Preliminary  experiments(^)  showed  that  the  acid  soluble  polyphosphate  in 
Chlorella  cells  was  completely  precipitated  by  this  procedure.    It  has 
been  also  shown  that  pyrophosphate  is  not  precipitated  by  this  procedure. 
Poly-P"B"  and  poly-P"C"  were  determined  by  assaying  A20  P  in  the  super- 
natant obtained  by  Procedure  111  and  in  the  precipitate  obtained  by  Pro- 
cedure V,  respectively.     Poly-P"D"  was  separated  from  RNA -nucleo- 
tides in  the  supernatant  obtained  by  Procedure  VI  according  to  the  char- 
coal treatment:    Charcoal  was  added  to  the  supernatant,  shaken  vigor- 
ously, and  the  RNA -nucleotides  adsorbed  on  charcoal  were  removed  by 
centrifugation.     Determination  of  poly-P"D"  was  done  by  assaying  A15  P 
in  the  nucleotide -free  supernatant.    Each  polyphosphate,  except  poly- 
phosphate "C",  was  purified  and  identified  as  long  chained  polyphosphate 
(cf.   6,7). 

The  charcoal  separated  as  above  was  also  treated  with  1  NH2SO4  for 
20  minutes  at  100°.    P^^  in  the  supernatant  was  a  measure  of  acid-insolu- 
ble nucleotidic  labile  P.     Residual  P^^  on  the  charcoal  gave  RNA- 
nucleotide  P^^  (RNA-P-^^).     The  RNA-P  was  also  estimated  from  the 
absorbancy  at  260  mfj.  in  the  RNA -fraction. 

Lip  id -P  was  assayed  by  determining  the  amount  of  P  in  the  super- 
natant obtained  in  Procedure  II.     The  supernatants  obtained  in  Procedure 
VII  were  regarded  as  the  DNA  fraction.     The  residue  obtained  in  Pro- 
cedure VII  was  regarded  as  the  protein  fraction. 

RESULTS 

Distribution  of  phosphorus  in  various  compounds 

A  typical  result  of  analyses  is  reproduced  in  Fig.   1.     The  highest 
P -content  was  shown  in  RNA-P  and  lipid -P.     It  should  be  mentioned, 
however,  that  the  procedures  for  the  fractionation  of  the  P-compounds 
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shown  were  devised  to  separate  the  inorganic  polyphosphates.    It  has 
been  found  that  during  the  neutralization  of  the  2  NKOH -extract  with  PC  A 
(Procedure  V,  see  Methods)  not  only  Poly-P"C"  but  also  an  appreciable 
amount  of  DNA  and  protein  is  co -precipitated  with  potassium  perchlorate, 
so  that  the  values  obtained  in  these  compounds  are  smaller  than  they 
should  be.     This  co-precipitation  of  DNA  and  protein  can  be  avoided  if 
the  extraction  is  done  with  0.  5N  instead  of  2 NKOH.    On  the  other  hand, 
poly-P"C"  is  not  precipitated  completely  during  the  neutralization  of  a 
0.  5 NKOH  extract  with  PCa(^). 

Changes  of  distribution  of  endogenous  P^^  occurring  on  incubating  P^^- 
labeled  Chlorella  in  P-free  medium 

Experiment  in  light  -  Changes  in  P^^ -content  in  various  fractions  in 
normal  labeled  cells  were  followed  in  P-free  medium.    It  has  already 
been  reported^''')  that  the  P^^ -contents  in  the  fractions  of  DNA  and  pro- 
tein increased  significantly,  while  only  those  in  poly-P"A",  poly-P"B" 
and  poly-P"C"  decreased  markedly.    As  may  be  seen  in  Fig.  2,  RNA- 
P^2  increased  while  poly-P^^  "D"  decreased  steeply.    Acid  insoluble 
nucleotidic  labile  p32  decreased  slowly.    P^^  jj^  "total  RNA -fraction" 
kept  constant  or  decreased  only  slightly  as  reported  previously.    It  was 
found  also  that  the  increase  in  RNA-P-^^  was  accompanied  by  an  increase 
in  UV-absorbancy  (E260)  ^^  ^^^^  ^s  of  the  amount  of  ribose,  confirming 
that  RNA  continues  to  be  synthesized  under  P-deficiency  in  light.    Thus 
it  may  be  inferred  from  the  present  as  well  as  previously  published  re- 
sults that,  under  photosynthetic  condition  in  P-free  medium,  P  used  for 
the  syntheses  of  DNA,  RNA  and  P-protein  is  supplied  from  inorganic 
phosphates. 

Experiment  in  darkness  -  When  some  Chlorella  cells  were  incubated 
in  a  P-deficient  medium  in  the  dark  an  appreciable  decrease  of  P-content 
was  observed  only  in  the  fraction  of  polyphosphate  "B".    In  parallel  with 
this  decrease,  an  increase  of  P  occurred  only  in  the  RNA-fraction,  in- 
dicating that,  under  non-photosynthetic  conditions,  RNA  is  synthesized 
with  the  expenditure  of  phosphorus  of  polyphosphate  "B".    It  may  be 
assumed  that  the  mobilization  of  phosphorus  in  polyphosphates  for  the 
syntheses  of  DNA  and  phosphorprotein  is  a  light-induced  process,  and 
that  in  the  dark,  poly-P  "B"  serves  as  the  P-donor  for  the  synthesis  of 
RNA,  while  this  process  is  blocked  under  photosynthetic  conditions^   '°^ 
In  some  other  cultures  of  the  same  species  of  Chlorella,  however,  the 
dark  synthesis  of  RNA  with  the  expenditure  of  poly-P  "B"  was  not 
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observed(^).    In  most  cases  poly-P"A"  showed  a  tendency  to  increase  in 

darkness. 

Changes  in  contents  of  total  P  and  P^^  occurring  on  incubating  P^^ -labeled 
Chlorella  in  normal  "cold"  medium 

Experiment  in  light  -  The  uniformly  P^^-i^^jjeie^j  cells  were  trans- 
ferred to  the  "cold"  standard  medium,  and  the  changes  of  distribution  of 
P-^^  as  well  as  of  total  P  in  various  fractions  were  followed.    In  the  pre- 
vious experiment(^)  it  was  shown  that  the  course  of  increase  of  total  P  in 
the  DNA -fraction  and  in  the  protein -fraction  almost  exactly  coincided 
with  that  of  P^^,  indicating  that  phosphorus  for  the  synthesis  of  DNA  and 
P -protein  is  supplied  from  the  intracellular  P -source.    As  in  the  P-free 
experiment,  RNA-P,  poly-P"D"  and  acid  insoluble  nucleotidic  labile  P 
were  not  separated  in  this  experiment  but  only  the  total  P  of  these  com- 
pounds ("total  RNA-fraction")  were  assayed.    Data  for  the  above  three 
compounds  are  reproduced  in  Fig.   3,  and  are  in  accord  with  the  previous 
observation  that  phosphorus  in  the  "total  RNA-fraction"  is  supplied 
almost  exclusively  from  the  surrounding  solution.    It  was  further  shown 
in  this  figure  that  RNA-P-^^  increased  only  slowly  whereas  RNA -total  P, 
as  calculated  from  the  UV -absorption,  increased  steeply,  and  confirmed 
our  previous  conclusion  that  during  photosynthesis  the  phosphorus  used 
for  most  of  the  RNA  taken  from,  the  extracellular  P  source,  although  some 
RNA  is  supplied  through  intracellular  phosphorus.    P^^  in  poly-P"D"  and 
nucleotidic  labile  P  did  not  decrease  or  decreased  only  slightly  although 
they  took  up  phosphorus  from  the  surrounding  medium.    In  Fig,   4  are 
shown  results  demonstrating  the  changes  in  total  P  and  P^^  in  other  poly- 
phosphates.   (For  technical  reasons  (because  of  the  addition  of  carrier 
polyphosphate  in  the  assaying  procedure)  the  total  P  content  in  poly-P"A" 
cound  not  be  determined.  )  As  may  be  seen  in  the  figure,  P^^  in  poly- 
P"A"  and  poly-P"C"  always  decreased  steeply,  whereas  P^^  in  poly-P"B" 
decreased  only  slowly  or  did  not  decrease  in  some  cases.     From  these 
results  it  may  be  assumed  that  only  poly-P"A"  and  poly-P"C"  are  func- 
tioning in  the  mobilization  of  P  to  other  intracellular  P-compounds  such 
as  DNA  and  P -protein  under  normal  photosynthetic  conditions,    Poly-P 
"B"  and  poly-P"D"  are  functioning  as  P-reservoirs  wliich  are  used  only 
under  conditions  of  P-deficiency, 

It  was  also  observed  that  the  decrease  in  poly-P-^'^  "A"  is  usually 
preceded  by  a  transient  increase.    It  may  be  inferred  from  this  finding 
that  poIy-P"A"  accepts  and  transfers  P  from  and  to  other  intracellular 
P-sources.    Although  it  was  not  shown  in  the  figure,  P^^  in  the  lipid 
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fraction  showed  only  a  slight  increase,  confirming  our  previous  conclu- 
sion that  most  of  P  for  the  synthesis  of  P -lipid  is  supplied  from  the 
external  medium. 

Experiments  in  darkness  -  Using  the  cell  material  which  cannot 
synthesize  RNA  in  the  dark  in  P-free  medium,  it  was  found  that  no 
change  was  observed  in  the  amount  of  total  P  or  P-'^  in  the  respective 
cellular  P-compounds  except  the  gradual  increase  in  poly-P      "A". 
From  these  results  as  well  as  those  described  above  it  may  be  concluded 
that  mobilization  of  P  from  an  intracellular  P  compound  to  poly-P"A"  is  a 
light -independent  process  while  the  transfer  of  P  from  polyphosphates  to 
other  cellular  P-compounds  such  as  DNA  and  P-protein  is  a  light  depend- 
ent process. 

Incorporation  of  phosphate  under  normal  photos ynthe tic  conditions  or  in 
the  dark 

Chlorella  cells  which  had  been  growing  in  the  "cold"  normal  medium 
were  supplied  with  P^^ -labeled  phosphate  under  photosynthetic  conditions 
or  in  the  dark,  and  the  subsequent  process  of  incorporation  of  P^^  by  the 
cells  into  poly-P"B",  poly-P"C",  labile  nucleotides,  lipid,  DNA  and  pro- 
tein was  followed  for  comparatively  short  periods  (0.  5-8  hours).    It  was 
found  that  the  synthesis  of  poly-P"C"  occurs  only  in  the  light  whereas 
that  of  poly-P"B"  and  P-lipid  takes  place  independent  of  light  at  least  for 
a  limited  period. 

DISCUSSION 

This  study  has  revealed  that  under  normal  photosynthetic  conditions, 
P  for  the  syntheses  of  intracellular  P-compounds  such  as  DNA  and  P-pro- 
tein is  supplied  from  poly-P"C"  and  poly-P"A"  whereas  that  for  the  syn- 
theses of  RNA  and  P-lipid  is  supplied  from  extracellular  orthophosphate 
without  the  intervention  of  polyphosphates.    Most  of  poly-P"B"  and  poly-P 
"D"  are  not  normally  mobilized.    Under  P-deficiency  in  the  light,  how- 
ever, synthesis  of  not  only  DNA  and  P-protein  but  also  RNA  is  maintained 
with  concomitant  decrease  of  all  kinds  of  polyphosphates.     These  observa- 
tions indicate  that  poly-P"B"  and  poly-P"D"  are  P-reservoirs  which  are 
used  only  under  P-deficiency.    It  is  assumed  these  polyphosphates  are 
degraded  to  orthophosphate  before  transfer  to  other  cellular  P-compounds. 

One  might  assume  that  the  acid -insoluble  nucleotidic  labile  P  is  a 
hydrolysis  product(s)  of  stable  RNA -nucleotides.    But  the  facts  that 
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stable  P^^  in  RNA -nucleotides  (RNA-P^^)  increases  slowly  while  nucleo- 
tidic  labile  P  "^  decreases  slowly  under  photos ynthetic  condition  indicate 
that  the  nucleotidic  labile  P  is  not  a  simple  hydrolysis  product  of  RNA 
but  it  may  be  labile  P-compound(s)  combined  with  nucleotides.    We  have, 
however,  no  evidence  to  judge  whether  this  labile  compound  is  inorganic 
polyphosphate  or  not. 

Our  study  revealed  that  Chlorella  cells  contain  at  least  two  groups  of 
polyphosphate  which  function  differently;  one  group,  poly-P"C"  and  poly- 
P"A",  plays  a  role  as  intermediate  for  the  syntheses  of  intracellular  P- 
compounds  which  transfer  P  to  the  substances  such  as  DNA  and  P-protein 
under  normal  condition,  and  another  group,  poly-P"B"  and  poly-P"D", 
functions  as  P  reservoir  but  not  as  an  energy  reservoirV^^' -^^^j  as  con- 
cluded by  Harold(-^^)  for  Neurospora. 

Little  is  known  of  the  path  by  which  P  from  poly-P"C"  and  poly-P"A" 
is  transferred  to  other  cellular  compounds  such  as  DNA  and  P-protein, 
except  the  fact  that  the  mobilization  takes  place  only  in  the  light.    ADP  is 
generally  considered  to  be  the  acceptor  of  P  from  polyphosphates.    It  may 
also  be  possible,  however,  to  assume  the  direct  transfer  of  P  from  poly- 
phosphate.    The  recent  discovery  by  Szymona^     '  with  M y c obac te r i um  of 
an  enzyme  which  catalyzed  the  formation  of  glucose -6-P  from  polyphos- 
phate and  glucose  suggests  at  such  a  possibility. 

One  may  assume  that  photos  ynthetic  or  respiratory  ATP  is  the  pre- 
cursor of  polyphosphate  in  Chlorella.     In  this  connection,  Harold  found 
that  the  accumulation  of  polyphosphate  caused  by  the  addition  of  phosphate 
to  phosphate -starved  mycelium  of  Neurospora  is  always  preceded  by  ATP 
accumulation  and  that  the  turnover  of  this  compound  is  very  rapid,  sup- 
porting the  view  that  ATP  is  the  metabolic  precursor  of  polyphosphate  in 
this  organisms.     The  data  we  obtained  indicate  that,  at  least  a  part  of 
poly-P"A"  is  not  synthesized  directly  from  extracellular  orthophosphate 
but  through  intracellular  P-compounds  and  the  process  is  light -independ- 
ent.    By  our  previous  study  with  synchronized  Chlorella  cells'      s  it  was 
found  that  the  amount  of  P  incorporated  into  poly-P"A"  and  some  other  P- 
compounds  from  other  intracellular  P-compounds  increases  gradually 
with  the  progress  of  culture,  attains  the  maximum  level  at  the  stage  of 
ripening,  and  decreased  markedly  during  the  process  of  "post  ripening" 
and  "division"  of  cells  indicating  that  these  compounds  are  playing  an 
important  role  in  the  process  of  cell  maturation  and  division.    As  the  con- 
comitant decrease  of  P  with  the  increase  of  poly-P"A"  was  observed  only 
in  poly-P"C",  it  was  inferred  that  poly-P"A"  received  P  from  poly-P"C". 
In  our  dark  experiment,  however,  decrease  of  poly-P     "C"  concomitant 
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with  the  increase  with  poly-P^^  "A"  could  not  be  detected,  because  the 
increment  in  P-^^  in  poly-P-^^  "A"  itself  is  too  small  as  compared  with 
the  amount  of  poly-P"C".     By  the  short  term  experiment  it  has  been  found 
that  incorporation  of  orthophosphate-P^  into  poly-P"B"  and  lipid-P  takes 
place  independent  of  light  at  least  for  a  limited  period,  whereas  incorpor- 
ation of  ortho-P      into  poly-P"C"  occurs  only  in  light'   ^     The  schematic 
representation  on  the  formation  and  transformation  of  respective  poly- 
phosphates and  their  probable  relationship  to  the  syntheses  of  nucleic 
acids,  P-protein  and  P-lipid  as  elucidated  thus  far  is  shown  in  Fig,  5. 

The  responses  of  polyphospiiates  to  light  seems  to  indicate  different 
locations  of  each  polyphosphate  within  the  Chi  ore  11a  cell.     From  the  facts 
that  the  formation  of  poly-P"C"  and  the  mobilization  of  P  in  poly-P"C"  for 
the  syntheses  of  other  P-compounds  are  induced  by  light,  we  are  tempted 
to  presume  that  it  exists  in  or  very  near  to  the  chloroplast.    Our  pre- 
liminary study  with  Chlorella'  ^  showed  that  the  volutin  granule  consists 
of  poly-P"A"  and  RNA  but  it  could  not  be  decided  whether  poly-P"C" 
exists  in  chloroplasts  or  not,  although  labile  P-compounds  were  detected 
in  the  poly -P"C" -fraction  of  chloroplasts.    It  has  been  also  found  that 
acid -insoluble  inorganic  polyphosphate  exists  in  spinach  leaves'      ^    This 
suggests  that  the  presence  and  function  of  polyphosphates  are  not  limited 
to  lower  plants  but  they  are  playing  an  active  role  in  the  photo -induced 
intracellular  phosphate  transfer  in  green  cells  in  general. 
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X.     MISCELLANEOUS  TOPICS 


THE  DECAY  OF  DELAYED  LIGHT  AT  SHORT  TIMES 
William  Arnold  and  J.    B.   Davidson 


In   this   brief  report  we  would    like   to  present  some  preliminary  results 
of  measurements  of  the  decay  of  the  delayed  light  emission  from  Chlorella  in 
the  time  region  of  10~~*  to  10"*^  seconds.     Although  the  experiments  are  still 
in  progress,  we  feel  that  the  data  are  of  sufficient  interest  to  warrant  presenting 
them  to  this  Symposium. 

The  results  were  mainly  obtained  with  two  devices  which  will  be  described 
in  detail  in  a  future  paper.  One  is  a  phosphoroscope  patterned  after  one  used 
by  Dr.  R.  S.  Becker  at  the  University  of  Houston.  It  covers  the  range  of  from 
0.65  to  1  000  milliseconds.  The  second  device  is  a  shutter  consisting  of  a  small 
piece  of  0.25  mil  aluminized  Mylar  film  operated  by  the  blast  from  a  carbon 
dioxide  pistol.     This  shutter  was  used  in  the  50  to  1000  microseconds  range. 

Figure  1  is  a  composite  decay  curve  for  Chlorella  at  25°  C. 
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I 


The  data,  over  the  region  of  0.65  milliseconds  to  0.9  seconds,  which  were 
token  with   the   phosphoroscope  has   been  combined  with   two  other  sets  of 
points,  determined  on  older,  slower  equipment.    The  ordinates  of  the  different 
decay  curves   have  been  multiplied   by  constants  so  that   they  match  at  the 
points  of  overlap.    White  light  was  used  for  illuminating  the  cells.    All  points,, 
with  the  possible  exception  of  those  at  the  shortest  times,  were  taken  at  "light 
saturation.  "    It  should  be  emphasized  that  throughout  the  entire  decay  of  the 
delayed  light,   the  intensity  of  the  exciting  light  needed  to  give  a  maximum 
signal  is  increased  as  the  time  in  the  dark  is  decreased. 

Figure  1   also  shows  that  over  the  range  of  6.5  X  10~'*  to  4X10*^  seconds 
the  delayed  light  signal  is  approximately  proportional  to  l/t. 

Figure  2  is  also  a  decay  curve  for  delayed  light  from  Chlorella  at  25°  C. 
Here  the  exciting  light  was  blue  as  obtained  from  a  tungsten  lamp  through  a 
filter  of  10  cm  of  saturated  copper  sulfate.        The  lamp  was  operated  so  that 
the  delayed  light  signal  was  proportional  to  exciting  light  intensity.      A  red 
filter  eliminated  the  exciting  light  from  the  photomultiplier. 
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The  phosphoroscope  and  the  fast  shutter  were  arranged  so   that  fluorescence 
as  well  as  delayed  light  could  be  measured.      The  delayed  light  signals  are 
plotted    in  the  figure  as   fractions  of  the   steady  state  fluorescence  signal, 
which  is  taken  to  be  unity.    The  points  at  0.6  milliseconds  and  longer  times 
were  taken  with  the  phosphoroscope.      The  points  for  the  shorter  times  were 
made  with  the  Mylar  film  shutter.      The  solid  curve   plotted  at  the  left  for 
reference  is  an   exponential    having  a   time  constant  of  1.7  X  10~'  seconds, 
which  is  the  lifetime  for  the  fluorescence  of  Chlorella  as  given  by  Tomita 
and  Rabinowitch. 

From    Figure  2   it  can  be  seen  that   intensity  of  the  delayed  light  at 
5  X  10"5  seconds  is  approximately  one  percent  of  the  fluorescent  intensity. 

Extrapolation  of  the  decay  curve  to  even  shorter  times  suggests  that  a 
large  fraction  of  the  in  vivo  fluorescence  of  green  plants  may  actually  be 
delayed  light. 
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EFFECTS  OF  PHOTOSYNTHETIC  POISONS  ON  DELAYED  LIGHT  IN  THE 

MILLISECOND  TIME  RANGE 

Walter  F.    Bertsch,   J.   B.   Davidson,  and  J.   R.   Azzi 


The  initial  steps  in  photosynthesis  Involve  conversion  of  energy  from  light 
quanta  into  some  form  that  is  available  for  utilization  in  the   biochemical 
reduction  of  carbon  dioxide.      Since  about  eight  light  quanta  are  needed  to 
reduce  one  carbon  dioxide  molecule^'°^  and  since  the  absorption  cross  section 
for  photosynthesis   is  known  to  be  the  size  of  several    hundred  chlorophyll 
molecules^'^'^',    it  is  clear  that  some  type  of  cooperation  exists  between 
chlorophyll    molecules  in  the  photosynthetic  apparatus.      A  great  deal  of 
evidence  indicates  that  this  cooperation  occurs  within  groups  of  chlorophylls, 
known  as  photosynthetic  units  (1^' ^^' ^^' ^9,  22-24)^        The  energy  from  a 

photon  absorbed  within  a  photosynthetic  unit  presumably  migrates  by  resonance 
transfer^^' °'  '^'  '^/ until  It  reaches  a  reaction  center.    At  the  reaction  center 
the  energy  is  somehow  made  available  to  run  biochemical  dark  reactions. 

It  is  now  known  that   these  early  steps  in  quantum   conversion  involve 
purely  electronic,  as  well  as  enzymatic,  processes^"^'  '"'^K      Furthermore,  the 
photosynthetic  aoporatus  of  higher  plants  and  photosynthetic  bacteria,  when 
dried,    has  electrical   properties  that  are  usually  associated   with  organic 
semiconductors— photoconductlon,    thermolumlnescence,   and    Increased 
conductivity  at   higher  temperatures^^' °' '^^       It  therefore  seems  that   the 
delayed  light  emission  of  living  plants'"^"'  might  provide  a  direct  physical 
measurement  of  electron   transitions  involved  In  photosynthetic   quantum 
conversion. 

The  dim  glow  from  plants  is  emitted  by  the  first  excited  singlet  transition  of 
chlorophyll  ("^z  ^'*^^ '^2)  and  has  decay  characteristics  that  maybe  Interpreted 
in  terms  of  untrapping  of  electrons  In  a  semiconductor^' '     ' '  ^  '/.      However, 
it  is  not  certain  that  the  delayed  light  is  actually  produced   by  a  solid  state 
physical  phenomenon  of  this  sort. 

Regardless  of  the  physical  mechanism  of  delayed  light  emission,  if  the 
delayed  light  is  associated  with  photosynthesis,    it  is  presumably  emitted 
from  very  early  steps  of  quantum  conversion.       The  argument  is  simple:    the 
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emitted  quantum  contains  essentially  all  the  energy  of  the  original  absorbed 
quantum,  so  that  there  would  be  no  possibility  of  emission  if  the  energy  had 
been  degraded  by  one  or  more  reactions. 

It  therefore  appears  that  an  understanding  of  the  delayed  light  emission 
might   provide  new  insight  into  the  mechanism  of  photosynthetic   quantum 
conversion.        However,    to  assess  the   significance  of  the  delayed    light 
measurements,  we  must  determine  whether  the  emission  Is  closely  associated 
with  photosynthesis. 

The  delayed    light  emitted  at  times  longer  than  about  0.1  sec  after 
illumination  is  indeed  intimately  related  to  photosynthesis.      There  Is  ample 
evidence  for  the  involvement  of  photosynthetic  enzymes  with  the  emission  in 
this  time  range  (26,  27,  29)^      In  addition,   the  delayed  light  at  these  longer 
times  Is  emitted  from  functionally  active  chlorophyll,  since  the  presence  of 
two  photosynthetic  pigment  systems  can  be  deduced  from  the  direct  evidence 
of  chromatic  transients,  and  of  changes  in  the  tlrrie  course  of  emission  caused 
by  excitation  at  different  wavelengths^  ^' 20/ 21). 

In  the  millisecond  time  range,   much  less  evidence  has  been  given  for 
direct  involvement  of  the  photosynthetic  apparatus  in  delayed  light  emission. 
Sweetser  et  al  .(29)  reported  some  effects  of  poisons  on  delayed  light  emission 
from  4  msec  to  longer  times.      The  present  paper  gives  additional  Information 
about  the   effects  of  photosynthetic  poisons  on  the   fast  delayed  light  decay. 
We  have  measured  the  emission  from  1  to  20  msec  after  illumination.    Of  those 
poisons  used,  every  one  that  was  known  to  acton  the  first  steps  of  photosynthesis 
had  a  significant  effect  on  the  delayed  light  emission.        The  poisons  may  be 
classed  into  several  groups  according   to  the  way  they  affect  delayed  light. 
These  data  imply  that  delayed  light  in  the  millisecond  range  is  emitted  from 
functionally  active  chlorophyll. 

MATERIALS  AND  METHODS 

The  delayed  light  emitted  from  1  to  20  msec  after  the  middle  of  an 
illuminating  flash  was  measured  with  a  phosphoroscope-photomultlpller- 
oscilloscope  apparatus  similar  to  one  used  by  Dr.  R.  S.  Beckerat  the  University 
of  Houston.      This  Instrument,  built  by  one  of  us  (J.   B.   D.)  In  collaboration 
with  Dr.   W.  A.   Arnold,  will  be  described  in  a  later  publication.         The 
exciting  light  was  a  1  000-watt  tungsten  bulb,  filtered  by  8  cm.  of  90% 
saturated  CuSO.  solution,  with  the  filaments  focussed  on  the  cells  to  give  an 
image  of  about    1  cm'^. 


703 


Walter  F.   Bertsch,  J.   B.  Davidson,  and  J.  R.  Azzi 


Exponential  phase  cultures  of  Chlorella  pyrenoidosa  strain  252, obtained 
from  the  Culture  Collection  of  Algae,    Indiana  University,    were  used  in  all 
experiments.        These   cultures   had   been  grown  at  1  8°  C  in    Knop  solution 
aerated  with  5%C02~95%  air  under  continuous  illumination  from  neon  arcs. 

RESULTS 

Figure  1  shows   the  1  .5  to  8  msec  decay  of  delayed  light  emission  from 
unpoisoned  cells. 
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Figure  1  .      Effect  of  excitation  intensity  on  delayed  light 
emission  from  1.5  to  8  msec.      Fast  components  in  the 
decay  are  present  only  after  high  Intensity  excitation. 


The  time  course  of  decay  depends  on  the  intensity  of  exciting  light.      Since 
the  fast  components  of  delayed  light  emission  are   present  only  at  very  high 
intensitiesof  II  lumlnatlon,  we  have  used  the  highest  intensity  shown  in  Figure 
1   in  our  experiments. 
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Cyanide  is  known  to  inhibit  the  dark  reactions  of  photosynthetic   COr> 
reduction  without  affecting  the  quantum  conversion  stepsU-*/ ■^^/^^z  ^^i.      We 
found  no  effect  of  KCN   (lO'^  to  10*2  m)  on  the  1  to  20  msec  delayed  light 
emission. 

Two  poisons  changed   the  intensity  of  delayed    light  emission  without 
significantly  changing   the   time   course  of  decay;    azide  and  2-chloro-6- 
nitrophenol.      Figure  2  gives  the  effect  of  NoN-^    (10"^  to  10"'    M)  on 
delayed    light  emission  at  various  times.        The   curves   for  the  various  times 
are  approximately  proportional  to  each  other.   Implying  that  the  poison   had 
the  same  relative  effect  at  each  time  of  emission.      Azide  may  therefore  be 
said  to  Inhibit  delayed  light  without  changing  the  shape  of  the  decay  curve. 
2-chloro-6-nitrophenol  also  had  a  relatively  small  effect  on  the  time  course 
of  delayed  light  emission,  but  this  poison  increased  the  intensity  of  emission. 
Figure  3  shows  that  at  optimal   concentrations  of    2-chloro-6-nitrophenol 
(7  to  1  OX  10"5  M)  the  emission  at  1  msec  was  increased  by  a  factor  of  about 
3.5,  and  at  20  msec  by  a  factor  of  about  7.     Sweetser  et  al  .\'^"/ also  reported 
that  2-chloro-6-nitrophenol  increased  delayed  light  emission,  and  also  that 
it  was  a  powerful  inhibitor  of  photosynthesis. 

Several  poisons   that  are   believed   to  act  very  close  to  photochemical 
steps  were  tested.     These  compounds  had  a  marked  effect  on  the  time  course 
of  delayed    light  emission,   as  well  as  on  the  intensity  of  emission.      These 
poisons  may  be  put  in  two  categories,  according  to  their  effect  on  the  time 
course. 

1.    Diuron  (DCMU),  monuron  (CMU),  orthophenanthroline  (all  at  lO'^to 
10"2  M)  had  similar  effects  on  the  emission.     At  certain  concentrations  they 
resulted  in  a  very  flat  decay  curve  in  which  no  fast  decay  components  were 
present  In  the  1   to  20  msec  time  range.     As  the  concentration  of  each  poison 
was  increased,  the  decay  remained  flat  but  was  reduced  in  intensity.      The 
lowest  concentration   at  which  the   fast  decay  components  were  strongly 
inhibited  without  reducing  the  intensity  of  emission  were  different  for  the 
individual  compounds:    SXIO'^  M  for  DCMU,  IO'Sm  for  CMU,  and  10-3  M 
for  orthophenanthroline.      The  delayed    light  decay  of  unpolsoned  cells   is 
compared  to  that  of  CMU-treated  cells  in  Figure  4  (top  and  bottom).      The 
effect  of  various  concentrations  of  orthophenanthroline  is  shown  in  Figure  5 
for  various  times  of  emission.      At  10"^  M  this  poison  slightly  inhibited  the 
1   msec  emission  while  increasing  the  20  msec  emission  by  a  factor  ot  15. 
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Figure  2.     Reduction  caused  by  azide  in  delayed  light  emission. 
Sodium  azide  reduced  the  intensity  of  emission  without  signifi- 
cantly changing  the  time  course  of  decay. 
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Figure  3.      Increase  caused  by  2-chloro-6-nItrophenol  in  delayed 
light  emission!     2-chloro-6-nitrophenol  (up  to  10"'^ M)  increased 
the  intensity  of  emission  without  significantly  changing   the  time 
course  of  decay. 
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+  HYDROXYLAMINE 


+MONURON 
TIME  AFTER   LIGHT  FLASH  (n:isec) 


Figure  4.     Effect  of  hydroxylamine  and  monuron  on  delayed-llghl- 
emission  from  0.6  to  4  msec.        The  emission   as   presented  on  the 
oscilloscope  screen  was   photographed    for  unpoisoned    Chlorella 
cells,    cells  poisoned  with  hydroxylamine  sulfate  (10"3  M),    and 
cells  poisoned  with  monuron  (10"4  M).     Vertical  grid  indicates 
time  aftermiddleof  exciting  flash  in  0.5  msec  per  unit,  horizontal 
grid  indicates  Intensity  of  delayed  light  emission  in  arbitrary  units 
(5  millivolts  per  unit  on  top  and  middle  photographs,  2millivolts 
per  unit  on  bottom  photograph).      Center  of  exciting  flash  is  in- 
dicated by  the  small  pip  in  the  zero  line  on  either  side  of  the 
decay  curve.       The  decay  from  unpoisoned  cells  fits  neither  mono- 
molecular  nor  bimolecular  kinetics.       Poisoning  with  hydroxylamine 
resulted  in  a  nearly  exponential  decay.       Poisoning  with  monuron 
resulted  in  a  flat  decay  without  fast  components. 
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Figure  5.     Change  caused  by  Q-phenanthioline  in  delayed 
light  emission.        O-phenanthioline  caused   a  loss  of  fast 
decay  components  by  strongly  increasing   the   intensity  of 
emission  at  longer  times. 
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Figure  6.  Change  caused  by  hydroxylamine  in  delayed 
light  emission.  Hydroxylamine  caused  an  almost  ex- 
ponential decay  by  increasing  the  intensity  at  short  times 
and  decreasing  intensity  at  longer  times. 
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2.     Hydroxylamine  {]Q~^  fo  lO'^M)  af  higher  concentrations  results  in  a 
decay  that  approaches  firstorder  kinetics.    From  1  to  8  msec  (emission  at  longer 
times  was  too  dim  to  measure)  cells  poisoned  with  NHoOH  (lO"'^  M)  gave  a 
decay  that  was  very  nearly  exponential.       This  decay  is  shown  in  Figure  4 
(middle)  for  comparison  with  unpoisoned  cells  and  with  CMU-poisoned  cells. 
Concentration  response  curves  for  hydroxylamine  sulfate  are  given  in  Figure  6, 
which  shows  that  at  1  0~3  M  the  emission  at  1  msec  was  increased  by  more  than 
a  factor  of  2,  while  the  20  msec  emission  was  too  small  to  be  observed  with 
our  present  apparatus. 

DISCUSSION 

Since  the  shape  of  the  delayed  light  decay  curve  depends  on  intensity  of 
exciting  light  (Figure!),  statements  concerning  the  kinetics  of  the  decay  are 
valid  only  in  terms  of  the  intensity  of  excitation.      Our  data  at  saturating 
intensities  of  exciting  light  indicate  that  the  decay  from  unpoisoned  plants 
has  neither  monomolecular  nor  bimolecular  kinetics,  in  agreementwith  Tollin 
et  al.(31). 

The  differential  actions  of  the  poisons  which  we  tested  indicate  that  the 
delayed  lightatl  to  20  msec  must  be  emitted  from  functional  chlorophyll  that 
is  involved  in  photosynthetic  quantum  conversion.      That  is,  every  poison  used 
which  was  known  to  act  on  the  first  steps  of  photosynthesis  had  a  strong  action 
on  the  1  to  20  msec  emission,  whereas  the  poison  (cyanide)  that  is  known  to 
have  no  action  on  the  first  steps  had    no  effect  whatever  on   emission  in  this 
time  range. 

All  the  poisons  which  affected  delayed  light  presumably  act  on  reactions 
involved  in  photosynthetic  quantum  conversion.      We  suspect  that  those  com- 
pounds  that  affected   the  intensity  of  emission  without  strongly  affecting  the 
time  course  of  delay  (azide,   2-chIoro-6-nItrophenol)  are  not  acting   on  steps 
that  are  adjacent   to   photoreactions.       These  compounds  seem  to  change  the 
number  of  electrons  that  may  potentially  emit  delayed  light  without  affecting 
the  processes   by  which  the  emission  takes  place.       Poisons  which  drastically 
changed   the  time  course  of  emission   (DCMU,   CMU,  orthophenanthroline, 
hydroxylamine)  must  acton  stepswhich  are  closely  associated  with  the  emitting 
chlorophyll  system.    The  extremely  flat  decay,  and  the  5- to  15-fold  Increase 
in  intensity  at  20  msec  caused  by  DCMU,   CMU,   and  orthophenanthroline, 
suggest   that  these  compounds  may  block  electron  or  hole  flow  out  of  the 
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chlorophyll  system.        Hydroxylamine  may  also  act  in   this  manner,    but  the 
very  different  decay  curve  caused  by  this  poison  implies  action  at  a  different 
site  from  the  other  three  poisons. 
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LIGHT  SCATTERING  BY  CHLOROPLASTS  IN  THE  UV 
William  F.    Prickett,    F.    Dudley  Bryant,    and  Paul  Latimer 


Scattering  spectra  of  biological  materials  which  contain   light    absorbing 
compounds  are  closely  related  to  the  absorption  spectra.      Several  green  plant 
materials  and  red  blood  cells  have  been  studied  in  the  visible  spectrum.    How- 
ever,   the  present  study^^'    seems  to  be  the  first  of  a    biological   material    in 
which  a  scattering  spectrum  is  measured  in  the  important  near     ultraviolet. 

The    method  is  described  in  detail    elsewhere^^'  ^'.       Briefly,    scattering 
spectra  are  determined  from  the  difference  between  two  "absorbance  spectra" 
of  a  given  sample    measured  with  a  standard    spectrophotometer    (we  used  the 
B  &   L  505).     In  one  case  the  optics  of  the    instrument    are  used  in   the  normal 
configuration;    in  the  other    diffusing  plates  are  placed   after  the  sample    and 
blank  vessels.      From  particle  (chloroplast)  concentration,     particle  size,    and 
other  information,    absolute  scattering  coefficients  are  calculated.      While  only 
light  scattered  at  small  angles,    5  -  49°,     is  observed,     these  coefficients    are 
extrapolated  to  describe  total    scattering    (assuming  that   light  scattered  in  all 
directions  has  the  same  spectral  properties).      The  scattering  coefficient,    S    , 
is  the  fraction  of  the  incident    light  striking  the    geometrical    cross   section  of 
the  particle  which  is  scattered.     From  the  above  experimental  information  and 
using  the  equations  and  method  of  Latimer  and  Eubanks,    we  also  calculate  the 
absorbance,     E'     (corrected  for    scattering  losses)    of  a  single  particle    (E'      = 
log  lo/I). 

Spinach  chloroplasts  in  0.  5    M  sucrose    buffered  at  pH  7.  0    were  obtained 
with  a  blender,    washed  twice,    and  resuspended  for  measurements  in  standard 
1   cm^  silica  vessels.      To  cancel  out  errors  caused  by    dissolved  proteins  and 
small  particles  in  the  sample  vessel,    supernate  of  the  stock  suspension  was 
added  to  the  blank  medium  in  the  appropriate  concentration.      We  made  UV  dif- 
fusing plates  by  grinding  Corning  No.    7910  glass  on  both  sides  with  No.    100 
carborundum. 

The    results  of   two    consistent  runs    were    averaged  to    obtain   the    given 
spectral  curves.      The    average    particle  diameter  was  3.  0  ji,    average  particle 
concentration,    N,    was    1.35    x   lO'^/ml   (P  =  0.94,    see  Ref.    3).      Experimental 
suspension   absorbances    were  in  the  range    0.  1  -  0.  4    depending    on    sample, 
wavelength,    and  type  of  measurement. 

The  particle  scattering  and  absorbance  curves  are  given  below  in  Fig.  1. 
Of  particular  interest  is  the  scattering  shoulder  at  about  280  -  305  m^  corres- 
ponding to  the  broad  absorbance  band  of  proteins  and  nucleoproteins  at   255  - 
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280  m^.     Also  seen  is  a  well  defined  scattering  band  at  about  347  mp  which  is 
apparently  related  to  the  DPNH  band  at  340  mji.      Other  structure  is  seen   in 
the  scattering  curve  although  it  is  not  very  much  greater  than  randonn  error. 

Although  the  experimental  data  extended  from  240  -  460  mja,  only  a  portion 
of  it  is   shown  on  the  figure.      At  the  shorter  wavelengths,    the  scattering  curve 
simply  rises   sharply.     At  the  longer    wavelengths    it  agrees  with  a  previously 
reported  curve.  '    ' 


Fig.  1.  Spinach  chloroplast: 
absolute  absorbance  and  scat- 
tering cross   section. 
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The  only  rigorous  light    scattering    equations   which   have  been   used   to 
account  for    scattering    spectra  of  biological  particles    are  obtained  from  the 
so  called    "large  particle"   postulates^^.  5)_      -pj^g  particles  are    assumed  to  be 
large  compared   with  the    wavelength  of  the  incident    light  and  without  internal 
scattering  structures  so  that  the  simple  laws  of  geometrical  optics  apply  with- 
in the  particle.      The  difference    between  the  refractive    index   of  the   particle 
and  that  of  the  surrounding  medium  is  assumed  to  be  small,    thus  permitting 
surface  reflection  and  refractive  bending  to  be  neglected.      In  this  case,    scat- 
tering can  be  explained  in  terms  of  destructive  interference  in  the  forward 
direction,    and  constructive  interference  in  the  other  directions,  between  light 
passing  through  the  particle  and  that  passing  around  it. 

Several    authors    have  used  this  type  of  equation   to    qualitatively  account 
for  experinnental  scattering    and    extinction   curves  of  algae'"^'  "'  '>  °'    and    red 
blood  cells'    '  "'.       In  studies  of  oriented    red   cells  which  are  relatively    large 
{  '~^8  y.  dianneter)    and  devoid  of  internal  structure,    the  quantitative    agreement 
between  this  type  of  theory  and  experiment  is  reasonably   good  in  the    spectral 
region   near    A  =  0.  4  p    (diameter/wavelength  in  water  =  25).      Such    equations 
nnay  also  be  applicable  to  the  chloroplasts  (3  yL  diameter)  in  the  UV  (  A  ='  .  3  p). 
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However,    we  did  not  use  thenn  to  attempt  to    account  for    the  scattering    curve 
in  Fig.    1    because  the  refractive  index  at  these  wavelengths  is  not  sufficiently 
well  known.     As  discussed    elsewhere'^',    this  large    particle  theory    predicts 
that  the  relation  between   the  scattering    and   absorption    spectra   will  depend  - 
amongst  other  things  -  on  particle  size.      For  some  sizes    (e.  ^.  ,    small  parti- 
cles)   the    scattering    curve  is  S  -  shaped   near  the  absorption   maximum  as    is 
the  dispersion  curved  ^^K      For  other  particle  sizes,    the  predicted  shape  of  the 
scattering  curve  will  be  that  of  an  inverted  absorption  curve  (minimum  scatter- 
ing at  wavelengths  where  maximum  absorbance  occurs).      The    above  scattering 
spectrum  seenns  to  be  a  combination  of  these  forms. 

While  "large  particle"  equations   successfully  predicted  certain   optical 
properties  of  red  blood  cells,    a  more  severe  test  is  obtained  by  applying  one 
of  them  to  scattering  by  chloroplasts  (diameter  3  -  4  p)  near  the  red  chloro- 
phyll maximum,    A  =  0.  68  p  (diameter /wavelength  in  water  =  7).      Not  only  are 
the  particles  smaller,    connpared  with  the  wavelength,    than  are  red  cells    but 
they  have  more  internal  structure.      A  suitable  spectral  scattering  curve  and 
the  needed  auxiliary  experimental  infornnation  for   spinach  chloroplasts   have 
been  reported'^'  ^'  and  in  the  following  paragraphs  we  use  this  to  test  the  theo- 
ry.     The  data  is  very  similar  to  that  which  we  recently  obtained  using  a  special 
spectrophotometer  and  partial  single  layers  of  chloroplasts. 

All  needed  information  about  the  particles  is  available  except  definite  in- 
formation about  the  structure  of  the  chlorophyll  a  band  in  vivo.    (Does  chloro- 
phyll a  exist  in  vivo  in  one,  two,  or  more  forms  with  different  band  maxima  in 
this  region?)     The  absorption  band  structure  is  needed  for  the  dispersion  theo- 
ry calculations  of  the  dependence  of  particle  refractive  index  on  wavelength. 
Since  the  structure  of  this  band  is  not  known  with  certainty,    we  calculated 
three  dispersion  curves  and  used  each  to  calculate  a  scattering  curve  for  com- 
parison with  the  experimental  scattering  curve.      Dispersion  curves  were  cal- 
culated from  band  parameters  which  in  turn  were  obtained  by  trial  fittings  of 
a  corrected  experimental  absorbance  curve.     In  this  fitting,    a  basic  model  of 
the  band  structure  is  assumed.      Then  all  band  parameters  (position,    height, 
and  width)  are  adjusted,    automatically  on  a  computer,    to  obtain  the  best    fit. 
In  all  resulting  fits  a  chlorophyll  b  band  was  assumed  at  654  m^  and  also 
minor  bands  at  shorter  wavelengths.      In  case  I,    the  major  chlorophyll  a    in 
vivo  band  was  assumed  to  be  a  single  Gaussian  shaped  curve  with  a  maximum 
at  676  m^.     In  the  second  case,    II,    the  band  was  assumed  to  be  composed  of 
two  spectroscopically  distinct  fornns  present  in  about  equal  concentrations 
with  band  maxima  at  671  and  682  m^.      Finally  in  case  III  a  third  band  was  add- 
ed at  697  m|a,    its  magnitude  being  about  10%  of  the  sum  of  the  671   and  682  mji 
bands.      Our  scattering  equation  leading  to  Sp  -  values  used  here  was  a  modified 
version  of  Eq.    10  of  Ref.(5).      The  three  resulting  theoretical  scattering  curves 
and  the  experinnental  curve^^^  are  shown  on  Fig.    2. 

While  there  is  qualitative  agreement  between  theory  and  experiment,    the 
large  particle  equation  predicts  much  less  dramatic   selective  scattering  than 
actually  occurs.      Furthermore,    the  absolute  theoretical  scattering  cross   sec- 
tion is  of  the  order  of  1.  0  while  the  experimentally  observed  cross    section  is 
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about  0.3.     Hence  this  approximate  type  of  theoretical  approach  is  quantitative- 
ly inadequate  for  these  chloroplasts  in  the  red   region  in  contrast  to  the  finding 
for  red  blood  cells'^'  in  the  blue  spectral  region.      The  present  failure  is  prob- 
ably because  of  the  low  ratio  of  particle  size  to  wavelength  and  the  neglected 
effects  of  internal  particle  structure. 

This  finding    differs    from  that  of  Charney   and  Brackett'^'  who  obtained 
surprisingly  good  agreement  between   the   predictions  of  similar    equations  and 
experiment.      Part  of  the  reason  for  this  disagreement  lies  in  the  assumed  ef- 
fects of  suspension  attenuation  on  the  shape  of  the  scattering  spectrum.      Their 


Fig.    2.    Spinach  chloroplast: 
scattering  cross  section  (Sp), 
experimental  and  theoretical. 
Ordinate  scale  is  absolute  for 
theoretical    curves.      Experi- 
mental curve  was  multiplied  by 
5.  4   for    plotting    convenience. 
Theoretical  curves  are  based 
on  one,    two,    and   three  band 
models  of  chlorophyll  a  system. 
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correction  for  attenuation  greatly  enhances  the  ratio:     maximum  to  minimum 
values  on  the  theoretical  scattering  curve.      While  it  appears  to  have  been  ap- 
propriate in  accounting  for  their  experimental  data,    no  correction  for    such 
effects  was  made  on  our  theoretical  curve  since  the  experimental  method   in 
principle  yields  curves  which  are  corrected  for  the  attenuation.     In  addition, 
it  should  be  noted  that  our  recent  studies  of  single  partial  layers  of  similar 
chloroplasts  gave  experimental  scattering  curves  with  a  somewhat   greater 
ratio  of  maximum  to  minimum  than  is  seen  on  the  above  experimental  curve. 
Because  of  the  similarity  of  particle  parameters,    the  theoretical  curves  for 
these  latter  chloroplasts  should  be  similar  to  that  given  above.      Since    it    is 
clear  that  no  attenuation  correction  is  appropriate  in  this  case,    this  confirms 
that  the  experimental  scattering  curve  in  Fig.    2  is  representative  of  particle 
characteristics  unmodified  by  distorting  influences.      Thus  it  is  appropriate  to 
compare  this  with  theoretical  predictions  of  particle  characteristics. 

However,    despite  this  limitation  of  these  theoretical  curves,    which  depend 
on  assumed  absorption  band  structure,    further  examination  suggests   that 
measurements  of  scattered  light  may  be  capable  of  providing  information  about 
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absorption   band    structure.      There   is    indeed  precedence  for  this  type  of   ap- 
proach to    absorbance    spectroscopy'^^'.      While    the    theoretical    scattering 
curves  I  and  II,    based  on  the  assumption  of  one  and  two  components  only  of  the 
chlorophyll  a  band,    give  very  sinnilar  theoretical  scattering  curves,    we    note 
that  scattering  curve  III,    based  on  the  assumption  that  there  is  a  significant 
band  at  697  mp,    clearly  reflects  the  presence  of  this  absorption  band.     No  ex- 
perimental scattering  spectrum  to  date  has  shown  clear  evidence    of    such    a 
band. 

The  present  data  is  not  sufficiently  precise  to  exclude  the  existence    of  a 
small  chlorophyll  a  band  m  vivo  near   700  mji.     However,    this  neglected   ap- 
proach to  absorbance  spectrophotometry  of  living  nnaterials  warrants  further 
exploration.      More  precise  measurennents  of  scattered  light  are  needed. 
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Public  Health  Service.      We   wish  to  thank    Mr.    J.    E.    Johnson,    Miss  Vivian 
Griffin  and  Mr.    L.    Patrick  for    technical    assistance,    and  Dr.    N.    K.    Sanyal 
for  helpful  suggestions. 
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ADDENDUM 
(added  during  the  meeting) 


At  this  meeting  Dr.   R.   A.   Olsen  gave  further  evidence  of  the  presence 
in  chloroplasts  of  a  pigment  with  an  absorption  maximum  near  700  m/i.     His 
studies  of  absorption  and  fluorescence  indicate  that  molecules  of  this  pigment 
are  highly  oriented  with  respective  dipoles  being  parallel  to  one  another.     We 
here  give  other  evidence  of  this  pigment  based  on  a  new  interpretation  of  pre- 
viously reported  double  refraction  spectra  of  Mougeotia  cells. 

Goedheer  and  also  Menke  and  Menke  (see  Ref.   21  and  2Z  of  the  above  Ref. 
6)  reported  spectral  birefringence  curves  which  display  strong  anomalous  dis- 
persion effects  caused  by  the  chlorophylls.     Such  effects  can  be  produced  by  two 
mechanisms:     one,    by  the  pigment  molecules  residing  only  in  every  other  layer 
of  the  granum  (form  birefringence),    and  two,    by  the  pigment  molecules  being 
spacially  oriented  (orientation  birefringence).     On  a  per  molecule  basis,    the 
orientation  mechanism  is  much  more  efficient.     It  has  been  frequently  assumed 
that  these  authors'  curves  were  produced  by  form  birefringence  only.     However, 
especially  in  the  case  of  mature  cells,   the  spectral  birefringence  curves  are 
symmetrical  about  a  wavelength  near  690  m^  instead  of  near  675  m^,    the  nom- 
inal position  of  the  main  chlorophyll  maxinnum.     There  are  no  conditions  under 
which  dispersion  theory  can  predict  a  shift  of  the  center  of  an  anomalous  dis- 
persion curve  away  from  the  absorption  maximum  of  the  pigments  producing  it. 
Hence  the  birefringence  curves  must  have  been  strongly  influenced  by  pigment 
molecules  absorbing  near  700  mji. 

The  most  likely  explanation  is  that  the  observed  birefringence  is  caused 
by  a  combination  of  the  above  sources.     The  form  birefringence  is  produced  by 
the  predominant  675  mfx  band  (or  components  thereof).     Molecules  of  this  band 
are  not  spacially  oriented  as  indicated  by  Olsen.     The  orientation  birefringence 
is  produced  by  the  less  prevalent  but  highly  oriented  molecules  with  an  absorp- 
tion maximum  near  700  m/i.     Our  approximate  calculations,    based  on  the  above 
data,    suggest  that  the  concentration  of  this  latter  pigment  can  be  as  high  as   10% 
of  the  total  pigments  producing  the  675  mfi  band  (this  assumes  a  700  m/i  mole- 
cule with  the  extinction  coefficient  of  chlorophyll  a).     Perhaps  this  700  m/i  pig- 
ment is  that  of  case  III  above,    the  presence  of  which  in  spinach  chloroplasts 
was  indicated  by  our  approximate  absorption  spectrum  analysis. 
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INTERFERENCE  OF  EJ,1ISSI0N  CliANCES  MTH  FAST  ABSORPTION  CHANCES 
IN  THE  FLASH  SPECTROSCOPY  OF  ALGAE 

Edgar  Inselberg  and  J.  L.  Rosenberg 


Many  significant  findings  have  emerged  in  recent  years  from 
the  flash  spectroscopy  of  algae,  notably  from  7/itt's  and  Kok's 
laboratories. 

Our  own  group  constructed  a  flash  apparatus  at  a  later  stage 
and  studied  some  aspects  of  the  5l5  mn  change  found  by  Witt  and 
Moraw  (6).  As  interest  shifted  to  changes  in  the  700  m^i  region, 
first  reported  by  Kok  (2)^  we  modified  our  apparatus  for  measure- 
ments in  the  far-red  region. 

EXPERBENTAL 

The  apparatus  is  illustrated  in  Fig.  1.  The  monochromatic  beam 

2     3       2—1 
(10  -  10  erg  cm  sec   in  intensity,  depending  on  the  experi- 
ment) is  focused  into  the  sample,  and  then  the  transmitted  frac- 
tion of  the  beam  is  detected  by  a  red-sensitive  multiplier  photo- 
tube (RCA  7102).  At  ri^t  angle  to  the  monochromatic  beam,  the 
sample  is  excited  by  short  flashes  from  a  General  Electric  FT-230 
fLashtube  (18. $  joules  input  per  flash).  Filter  F-j^  determines  the 
spectral  region  of  excitation,  while  F2  excludes  all  but  a  small 
fraction  of  the  actinic  li^t  from  the  phototube.  The  output  of 
the  phototube,  corresponding  to  single  flashes,  is  displayed  on 
an  oscilloscope  screen. 

flash  tube 


Q 


'  Fj  multiplier 

phototube 

monochrDmotor  r''lQl-^--lX^~IIi:] 

^^^^®  oscilloscope 

Fig.  1.   Top  view  of  the  flash  apparatus. 
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Several  investigators  have  considered  the  possibility  that  lu- 
minescence may  interfere  with  measurements  of  fast  absorption 
changes  in  the  far-red  region:  for  example,  V/itt's  apparati:is  (5) 
provided  for  an  additional  phototube,  at  ri^t  angle  to  the  mono- 
chroratic  and  actinic  beams,  to  measure  fluorescence;  Kok  (3)  al- 
lowed for  a  delay  of  about  one  millisecond  after  the  flash  was 
extir^guished  before  making  measurements,  ?/e  had  originall;;'  as- 
sumed that  liorainescence  resiilting  from  the  actinic  light  would, 
essentially,  be  additive  to  the  luminescence  from  the  monochro- 
matic beam..  Accordingly,  we  v/ere  using  as  a  blank  tlie  v.'aveform  of 
the  flash  (fraction  transmitted  by  F2),  whicli  would  include  lumi- 
nescence caused  by  the  actir.dc  li^t.  Moreover,  the  oscilloscope 
trace  was  zeroed  about  20  seconds  after  the  monochromatic  li^t 
was  turned  on,  prior  to  f].ashing  the  sample]  by  then  the  trace 
had  been  adequately  stabilized,  indicating  that  the  fluorescence 
intensity  due  to  the  monochromatic  li^^t  could  be  considered  un- 
changed over  the  brief  excitation  period, 

RESULTS  k^m   DISCUSGICN 


A  marked  negative  change  in  Porphjrridium  at  703  mp.,  originally 
interpreted  as  decreased  absorption,  is  sh.own  in  Fig.   2.  Wavefoi*m 
A  was  observed  with  actinic  lis^.t  only,  while  V/aveform  3  was  ob- 
tained by  flashing  the  sample,  with  the  monochromator  set  at  703 
mjj.,  A  spectrum  of  the  changes  between  650  and  850  my.,  obtained 
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Fig.  2,  Oscilloscope  display  of  the  703  my,  change  in 
Porphyridium ,  10  mv,  AC  per  vertioa].  di^-ision;  200 
(isec,  per  horizontal!  division,  V/avefonn  A:  flash  on- 
ly, '.Vaveform  B:  flash  plus  703  mp.  measuring  li^t  of 
2  V,  transmitted  signal. 
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Fig.  3.  Spectra  of  the  negative  changes  in  live  and 
killed  Porphyridium.  Two  pictures  of  flash  plus  mea- 
surilrig  li^t  and  one  flash-only  picture  vrere  taken  at 
each  wavelength.  C\irve  A:  live  Porphyridium.  Curve  B: 
killed  Porphyridium. 


inith  Porphyridium  in  0.1  M  NaHCO^,  is  shown  in  Pig.  3,  A.  The 
sample  was  excited  vrith  li^t  transmitted  by  a  Coming  U-72  fil- 
ter (335  -  630  m|i.).  Several  shallow  maxima  can  be  observed,  but 
no  predominant  change  in  the  vicinity  of  700  my.  (cf.  Ref,  3,  p. 
32U).  The  half-life  of  the  change  at  703  mix  was  found  to  be  1.6 
milliseconds . 

The  spectrum  was  then  obtained  witbi  killed  Porphyridium,  in 
order  to  evaluate  its  suitability  as  a  blank.  An  aliquot  of  the 
same  sample  used  to  obtain  Spectrum  A  of  Fig.  3  was  placed  in  a 
boiling  water  bath.  Dui'ing  the  first  UO  minutes  at  100",  the  mag- 
nitude of  the  703  mix  change  remained  essentially  the  same  as  in 
live  Porphyridium,  which  suggests  that  the  change  may  be  non- 
enzymatic  in  live  Porphyridium  as  well.  After  two  hours  in  the 
water  bath,  Porphyridium  maintained  about  one  half  of  its  initial 
activity.  The  spectrum  in  killed  Porphyridivun  (tvfo  hours  at  100*) 
adjusted  to  essentially  the  same  absorbance  as  live  Porphj^ridium 
at  703  mjx  is  presented  in  Fig.  3,  B;  A  -  B,  the  difference  be- 
tween the  spectra  for  live  and  killed  Porphyridium,  is  a3.so 
shown.  The  above  spectra,  if  interpreted  as  absorption  changes, 
woxiLd  suggest  a  non-specific,  purely  photochemical  bleaching. 
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possibly  due  to  excessive  flash  intensity, 

•Die  possibility  of  instnimental  artifacts  was  investigated  by 
coEiparing  the  waveforms,  with  and  without  measuring  li^t,  of 
several  non-photochemical  systems,  such  as  a  CaCO^  suspension  and 
nutrient  medium.  The  data  obtained  indicated  the  absence  of  such 
artifacts , 

An  extended  spectrxira  of  the  changes  in  Porphyridium  (Fig.  h) 
was  obtained  by  exciting  the  sample,  in  nutrient  medi\am,  with 
li^t  absorbed  primarily  by  chlorophyll  a  (Coming  Pllter  5-58, 
transmitting  between  350  and  U80  m\i)»   (i*eater  reproducibility  was 
attained  by  taking  h   pictures  with  the  flash  pliis  measuring  li^t 
on,  and  2  flash-only  pictures,  at  each  wavelength.  The  effect  of 
reducing  the  range  of  the  exciting  li^t  was  a  nearly  threefold 
reduction  in  the  magnitude  of  the  change  at  700  my.,  partially  at- 
tributable to  a  considerable  reduction  in  integrated  flash  inten- 
sity. Several  maxima  are  apparent  in  Fig.  U,  including  one  at  700 
mp,« 

Since  the  magnitude  of  the  change  at  700  m\i  was  approxJ.mately 
5  times  that  reported  by  Kok  and  Hoch  (^/,  we  investigated  the 
possibility  that  the  negative  change  observed  was  partially  at- 
tributable to  increased  emission  (rather  than  transmission)  dur- 
ing and  following  the  flash.  To  this  end,  we  successively  placed 
various  interference  filters  in  front  of  the  phototube,  setting 
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Fig.  U.  Extended  spectrum  of  the  changes  in  PorphjTi- 
dium,  with  chloropihyll  excitation.  The  vertical  line 
at  700  mp.  represents  the  range  of  several  means  at 
that  wavelength.  M:  apparent  change  in  absorbance, 
Az-o^:  absorbance  at  680  m^i. 
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the  monochromator  at  the  same  Y»avelength  as  the  transmission  max- 
imum of  a  given  filter,  while  maintaining  the  same  intensity  of 
monochromatic  li^t  reaching  the  phototube  as  in  the  absence  of 
the  interference  filter. 

The  results  presented  in  Table  I  demonstrate  that  most  of  the 
increment  in  li^t  intensity  detected  by  the  phototube  following 
a  flash  is  of  a  wavelength  range  other  than  that  of  the  monochro- 
matic beam.  Hence,  it  is  evident  that  the  negative  changes  ob- 
served represent  primarily  fast,  reversible  increases  in  lumines- 
cence. The  difference  between  the  total  change  and  the  change  ob- 

TABLE  I 
GOOTRIBUTION  OF  EMISSION  CHANGES  TO  THE  NEGATIVE  CHANCES  OBSERVED 

IN  PORPHYRIDIUM 


^A680  ^'^ 

Wavelength 
mn 

Total 
change 

With 

interference       Minimum  percent 
filter                   accoimted  by  emission 

550 
680 
730 

-0.0089 

-o.ooia 

-0.0103 

+0.0012                                   100 
-0.0018                                     56 
+0.0003                                   100 

AA:  apparent  change  in  absorbance.  A^qq:  absorbance 

at  680  mp., 
2 
Four  pictures  of  flash  plus  measuring  li^t  and  two 

flash-only  pictures  were  used  to  obtain  each  value. 

served  with  the  interference  filter  in  the  path  of  the  monochro- 
matic li^t  evidently  provides  a  minimum  estimate  of  the  emission 
change;  the  fraction  of  luminescence  transmitted  by  a  given  fil- 
ter (or  a  monochromator  located  between  the  sample  and  the  photo- 
tube) would  still  act  as  a  negative  absorption  change,  superim- 
posed on  a  true  absorption  change  of  the  same  or  opposite  sigi. 

Next,  the  nature  of  the  change  at  700  mjo,  was  investigated  in 
Chlorella  and  spinach  chloroplasts ,  in  which  the  change  was  re- 
ported by  Kok  (3) J  as  well  as  in  aged  chloroplasts  with  reduced 
phenazine  methosulfate  (PM5)  studied  by  Witt  et  al.  (7).  The 
findings  at  700  rn\i.   (Table  II)  were  similar  to  those  for  Porphyr- 
idiTni  at  other  wavelengths. 
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TABLE  II 
CONTRIBUTION  OF  EMISSION  CHANGES  TO  THE  NEGATIVE  CHANCES  OBSERVED 

AT  700  in^i 


System 


^^680 


1,2 


Total 
change 


mth 

interference 
filter 


Minimum 
percentage 
accounted 
by  emission 


Chlorella 

Spinach  chloroplasts 

Spinach  chloroplasts  aged  for 
5  days,  5  X  10"°  M  PMS  and 
5  X  10"^  M  ascorbic  acid 


-0.0055 
-0.005U 


-0,0001 
+0.001U 


-0.0071    -0.0008 


98 
100 


89 


680* 


AA:  apparent  change  in  absorbance  at  700  mp,. 

absorbance  at  680  rap., 
2 
Three  to  four  pictures  of  flash  plus  measuring  li^t 

and  3-h  pictures  of  flash  only  per  value. 


TOiile  the  data  presented  demonstrate  that  interference  from 
luminescence  can  be  considerable,  it  certainly  does  not  follow 
that  emission  changes  interfered  to  the  same  extent  in  the  work 
of  other  investigators.  The  experimental  conditions  that  were 
suitable  for  observing  the  703  mp,  change  in  our  apparatus  dif- 
fered in  several  respects  from  those  selected  by  other  workers. 
For  example,  our  flash  intensities  were  probably  of  a  hi^er  or- 
der of  magnitude  than  Kok's, 

Several  procedures  for  circiimventing  the  interference  of  Ixorai- 
nescence  were  considered.  Locating  the  monocliromator  between  the 
sample  and  the  phototube  (cf.  Fig.  1)  would  still  involve  the  un- 
certainty that  at  some  wavelengths  an  emission  change  would  be 
superimposed  on  the  absorption  changes. 

The  essential  features  of  an  apparatus  design  (Fig,  5)  and  a 
procedure  for  resolving  the  contribution  of  emission  and  absorp- 
tion changes  to  overall  changes  in  li^t  intensity  are  given  be- 


low. Two  identical  red-sensitive  phototubes,  P-,  and 


2* 


are  lo- 


cated symmetrically  vdth  respect  to  the  flashtube,  so  that  the 
flash-only  wavefoirm  will  appear  the  same.  P2,  located  at  ri^t 
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osci  I  loscope 

Fig.  $,   Experimental  arrangement  for  resolving  the 
contribution  of  luminescence  and  absorption  changes 
to  fast  changes  in  li^t  intensity.  Lenses,  filters, 
and  baffles  are  not  shown. 


angle  to  the  monochromatic  beam,  detects  changes  in  emission  su- 
perimposed on  the  flash-only  waveform,  while  the  waveform  of  P-, 
consists  of  three  components,  the  absorption  change,  the  emission 
change,  and  the  flash  intensity.  The  two  waveforms  are  displayed 
simultaneously  on  the  screen  of  a  multichannel  oscilloscope, 
w^iile  the  absorption  change  is  the  difference  waveform  obtained 
directly  by  connecting  the  output  of  the  two  phototubes  to  a  bal- 
anced oscilloscope  input.  A  more  precise  estimate  of  the  absorp- 
tion change  is  obtained  by  placing  identical  interference  fil- 
ters, corresponding  in  transmission  to  the  monocliroraatic  beam,  in 
front  of  P-j^  and  ?2*   ^2  ^^^   also  be  used  for  studying  the  nature 
of  the  flash-induced  luminescence  by  locating  a  monochromator 


I 


i 


i 
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between  it  and  the  sample. 

The  assumption  that  the  two  phototubes  will  detect  essentially 
the  same  emission  change  may  be  checked  by  means  of   the  follomng 
procediire : 
Let 

AT  =  total  change  at  time  t  (corrected  for  flash-only  change) 
AF  =  change  observed  with  interference  filter  at  time  t  (cor- 
rected for  flash-only  change) 
AE  =  contribution  of  the  emission  change  to  AT 
Ae  =  contribution  of  the  emission  change  to  AF 
Aa  =  absorption  change,  assumed  to  be  essentially  the  same  in 

AT  and  AF 
AE'»  emission  change  at  time  t,  measured  independently  (by  P2) 
Ae'=  emission  change  with  interference  filter  at  time  t,  mea- 
sured independently  (by  ?2 ) • 
By  definition 

AT  =  AE  +  Aa  (1) 

AF  =  ite  +  Aa  (2) 


Assuming  that 


Ae            Ae'  .    . 
^ «  k                                              (3) 

AE  AE« 


and  solving  Equations  1,  2,  and  3  simultaneously,  we  have 

AF  -  kAT 

Aa  =  — ; (U) 

1  -  k 

Values  of  Aa  calculated  from  Equation  h  can  be  compared  with  val- 
ues obtained  directly  by  subtracting  the  waveforms  of  the  two 
phototubes.  This  method  coxild  also  be  used  to  estimate  the  magni- 
tude of  absorption  changes  in  an  apparatus  where  emission  changes 
can  be  measured  independently  but  direct  corrections  for  emission 
cannot  be  made,  because  of  differences  in  phototube  geometry. 

Understanding  this  flash-induced  luminescence  may  prove  of 
greater  value  than  recognizing  it  as  a  possible  experimental  pit- 
fall. It  is  analogous  in  some  respects  to  a  chromatic  transient 
effect.  Apparently,  this  luminescence  represents  either  afterglow 
or  fluorescence.  Since  the  monochromatic  beam  is  well  below  the 
compensation  point  in  intensity,  it  is  difficult  to  accept  that 
it  could  have  such  a  large  effect  on  the  flash-induced  afterglow, 
which  is  feeble  to  begin  with  (as  indicated  by  Fig.  2,  A),  Thus, 
we  tentatively  identified  this  effect  as  a  flash-induced  increase 
in  the  fluorescence  originating  from  the  detecting  beam. 
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Such  large  rapid  increases  in  fluorescence  yield  that  could 
account  for  these  emission  changes  have  not  been  reported,  to  our 
knowledge;  on  the  other  hand,  cases  of  large  increases  in  fluo- 
rescence during  prolonged  bleaching  are  well  knovm  (1).  By  analo- 
gy to  the  steady-state  situations,  we  visualize  the  flash  as 
bringing  about  a  temporary  bleaching  of  some  chlorophyll,  either 
by  phot ©oxidation  or  by  j^otoionization.  This  process  would  tem- 
porarily impede  the  flow  of  excitation  energy  throu^  the  photo- 
synthetic  units,  resulting  in  increased  dissipation  as  fluores- 
cence • 

SUMMARY 

Relatively  large  changes  in  emission  may  be  superimposed  on 
changes  in  absorption  when  observations  are  made  with  a  red-sen- 
sitive flash  apparatus.  Accordingly,  it  is  desirable  to  reexamine 
some  of  the  findings  on  the  703  mp,  change.  An  apparatus  design 
and  a  procedure  for  resolving  the  contribution  of  absorption  and 
emission  changes  to  overall  changes  observed  with  a  flash-appara-    | 
tus  are  described.  As  a  tentative  mechanism  for  flash-induced  lu- 
minescence, we  propose  that  the  actinic  li^t  by  bleaching  some 
chlorophyll  causes  a  temporary  disruption  of  energy  migration 
with  a  concomitant  temporary  increase  in  fluorescence. 
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EFFECTS  OF  HYDROSTATIC  PRESSURE  ON  INDUCTION 
TRANSIENTS  OF  OXYGEN  EVOLUTION 

William  Vidaver 


SUMMARY 

A  transient  oxygen  evolution  spike  was  seen  at  about  the  first 
second  of  illumination  in  the  induction  period  of  some  species  of 
brown  and  green  algae.   The  transient  normally  occurred  in 
Ankistrodesmus.  but  required  abnormally  high  or  low  temperatures 
in  Ulva  and  Ilea.   It  never  appeared  in  Porphyra.   Hydrostatic 
pressure  high  enough  to  generally  reduce  subsequent  oxygen  evolu- 
tion rates  scarcely  lowered  the  very  rapid  transient  rates. 

Lack  of  pressure  sensitivity  suggests  that  the  transient  is  due 
to  a  non-enzymatic  system  which  produces  oxygen  in  the  light.   It 
appears  that  unless  the  products  of  this  system  are  consumed  as 
they  are  produced,  steady  rate  oxygen  production  does  not  occur. 

INTRODUCTION 

Polarographic  detection  shows  a  complex  time  course  of  oxygen 
evolution  for  many  algae  as  a  response  to  illumination.   With  a 
possible  exception,  the  induction  responses  of  algae  are  generally 
similar.   Usually  only  the  relative  magnitude  of  time  course  re- 
sponse components  differs  between  various  kinds  of  algae. 

Figure  1  represents  a  recording  of  the  induction  time  course  of 
oxygen  evolution  upon  exposure  of  the  marine  alga  Porphyra  perfor- 
ata to  white  light  of  approximately  one-half  saturation  intensity. 
The  relatively  rapid  rise  to  a  peak  (designated  the  a  spike)  was 
followed  by  a  downslope  (b)  and  a  slow  rise  (c)  and  eventually 
culminated  in  a  more  or  less  steady  rate  under  continued  illumin- 
ation.  Some  algae  display  a  distinct  pre-a  transient  during  the 
spike  rise^lj  ^z. 

The  parameter  of  varied  hydrostatic  pressure  has  been  useful 
in  elucidating  kinetic  data  pertaining  to  rates  of  some  biological 
and  biochemical  reactions''^*  ^>  ^^.   In  photosynthetic  plants, 
oxygen  evolution  can  also  be  observed  umder  changing  physical  con- 
ditions, including  variation  of  hydrostatic  pressure.   Hydrostatic 
pressure  applied  to  photosynthesizing  algae  alters  the  induction 
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time  course  of  oxygen  evolution  during  illumination. 


c 
o 

_2 
o 
> 


o 

q: 
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_L 


3    4    5 
Time.min 


Fig.  1.   Induction  time  course  of  oxygen  evolution  in 
Porphyra  perforata.  (15°  C.,  1000  psi.) 


In  this  study  two  types  of  observations  of  pressure  effects 
were  made  on  the  time  course  of  oxygen  evolution  induction  in  al- 
gae.  One  of  these  recorded  oxygen  evolution  rates  under  constant 
illumination;  the  other  determined  pressure  influence  on  oxygen 
evolved  by  algae  in  response  to  light  flashes. 

Four  algal  species  were  observed  in  these  experiments.   These 
were  selected  because  they  represent  some  of  the  wide  variety  of 
algal  types.   A  second  consideration  of  selection  was  that  the 
marine  species  are  extremely  thin  thalloid  forms  and  consequently 
present  minimal  barriers  to  light  transmission  and  gas  diffusion. 
Porphyra  perforata  is  a  marine  red  alga  one  cell  thick,  while  the 
green  marine  alga  Ulva  lobata  consists  of  two  cell  layers.   Ilea 
fascia,  a  marine  brown  alga,  has  a  complex  parenchymatous  thallus, 
but  is  quite  thin  in  cross  section.   The  green  freshwater  uni- 
cellular alga,  Ankistrodesmus  f alcatus .  was  also  used. 

METHODS 


Discs  of  algal  thalli  were  placed  in  contact  with  a  platinum 
electrode  polarized  at  -0,6  v.,  which  along  with  a  silver-silver 
chloride  reference  electrode,  could  be  enclosed  in  a  pressurized 
optical  cell  (described  elsewhere)^ ^.   Unicellular  algae  were 
taken  up  on  a  disc  of  cigarette  paper  which  was  then  applied  to 
the  electrode.   For  marine  algae,  seawater  was  used  as  both  the 
medium  and  the  hydraulic  fluid.   Tapwater  was  substituted  for  the 
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freshwater  algae.   CO2  concentration  was  4  per  cent  by  volume  at 
the  start  of  the  experiment.   O2  was  assumed  to  be  in  equilibrium 
with  the  atmosphere.   Light  was  projected  in  a  collimated  beam 
from  a  lOOw  tungsten  incandescent  lamp  and  focused  on  the  algal 
disc  in  the  pressurized  cell. 

The  intensity  of  white  light  was  adjusted  to  bring  about  a 
steady  oxygen  evolution  of  approximately  one-half  the  saturation 
rate  at  the  base  pressure  of  1000  pounds  per  square  inch  (psi)  for 
the  experiments  with  constant  illumination.   Pressure  of  this  mag- 
nitude has  an  imperceptible  effect  on  oxygen  evolution  and  ensures 
that  gasses  (CO2  and  O2),  in  the  experimental  concentrations,  re- 
main dissolved  in  the  medium. 

For  the  light  flashes,  intensity  was  empirically  selected  to 
induce  maximum  transient  response  and  was  usually  near  saturation 
(at  1000  psi). 


RESULTS 

Constant  Light 

Time  courses  of  the  three  thalloid  algae  show  that  both  steady 
oxygen  evolution  and  the  a  spike  were  inhibited  by  increased  hy- 
drostatic pressure  (Figure  2a,  b,  c).   There  was  greater  inhibi- 
tion of  steady  rates  than  of  the  highest  rate  of  the  spike. 

Ankis trodesmus  (Figure  2d)  was  affected  similarly  by  pressure. 
However  this  alga  displayed  a  small  transient  peak  which  occurred 
before  the  maximum  of  the  a  spike.   The  transient  appeared  to  be 
almost  uninhibited  by  the  highest  applied  pressure. 

Light  Flashes 

In  view  of  the  pre-a  transient  observed  in  the  induction  period 
of  Ankis trodesmus .  attempts  were  made  to  ascertain  the  possibility 
of  a  pre-a  transient  being  present  in  the  induction  response  of 
other  algae.   It  was  found  that  high  or  low  temperature  (4°  or 
30°  C.)  did  induce  the  appearance  of  similar  transients  in  both 
Ulva  and  Ilea.   No  pre-a  transient  was  ever  observed  in  the  res- 
ponse of  Porphyra.   Figures  3  and  4  show  that  the  pre-a  transients 
of  Ulva  and  Ilea  are  also  strikingly  resistant  to  pressure  inhibi- 
tion. 


DISCUSSION 
A  pressure  insensitive  oxygen  evolution  transient  was  observed 
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lOOOpsi 
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0  12  3  0  12 

Time.min 

Fig,  2.   Induction  time  courses  of  oxygen  evolution  at 
three  different  hydrostatic  pressures.   Intensity  of 
white  light  was  approximately  one-half  that  required  for 
steady  rate  saturation.   No  pre-a  transient  (described 
in  text)  is  visible  in  the  response  of  the  marine  algae 
(a,b,c).   A  distinct  transient  appears  on  the  rise  of 
the  a  spike  in  Ankistrodesmus  (d).   While  steady  rates 
were  affected  more  by  pressure  than  maximum  a  spike 
rates,  the  pre-a  transient  is  least  inhibited  (15°). 
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Fig.  3.   Isolation  of  the  pre-a  transient  in  Ulva  by 
low  temperature  (4°  C.)  and  light  flashes.   Transient 
magnitude  is  almost  undiminished  by  the  highest  applied 
hydrostatic  pressure  (15000  psi). 
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Fig.  4.   Pre-a  transient  isolation  in  Ilea  at  high  tem- 
perature (30°).   The  transient  persists  at  the  highest 
applied  pressure. 
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in  the  induction  period  during  illumination  in  species  of  brown 
and  green  marine  algae  and  a  freshwater  green  alga.   This  tran- 
sient could  not  be  observed  in  the  response  of  the  red  alga 
Porphyra. 

In  those  algae  displaying  the  transient,  oxygen  must  be  evolved 
as  a  response  to  light  by  a  mechanism  which  is  presumably  insensi- 
tive to  inhibition  by  hydrostatic  pressure  of  at  least  15000  psi. 
This  response  appears  to  differ  kinetically  from  those  usually 
associated  with  enzymatic  reactions^"'  chap.  9)^   Variations  of 
temperature  and  pressure  seem  to  have  a  greater  effect  on  the 
rates  of  those  processes  which  proceed  more  slowly  than  the  reac- 
tions involved  with  the  transient.   By  further  slowing  through 
temperature  extremes  or  the  application  of  hydrostatic  pressure, 
it  is  possible  to  isolate  (by  the  elimination  of  swamping)  the 
pre-a  transient  in  algae  that  normally  do  not  show  it. 


:tions  that  utilize  the  products  of  the  oxygen-evolving  photo- 
:tions.   Reaction  rate  theory^^'  '^"^P*  ^^    predicts  inhibition 


The  high  or  low  temperature  requirement  for  induction  of  the 
transient  in  some  algae  may  result  from  rate  changes  in  enzymatic 
react] 

reactions.   Reaction  rate  theory" 
of  enzymatic  reactions  as  a  consequence  of  temperature  extremes. 
Low  or  high  temperature  could  induce  the  appearance  of  the  tran- 
sient by  the  reduction  of  the  relatively  high  rates  of  the  reac- 
tions which  consume  the  immediate  photoproducts  (other  than  molec- 
ular oxygen). 


I 


The  transient  may  result  from  the  functioning  of  a  primary 
oxygen-evolving  mechanism,  since  its  lack  of  pressure  sensitivity 
suggests  that  it  is  not  the  result  of  enzymatic  reactions.   If         - 
this  response  is  due  to  a  photolytic  water  reaction,  then  it  may      f 
be  presumed  that  oxygen  evolution  in  plants  that  show  the  tran- 
sient is  the  result  of  rapid  photochemical  reactions,  and  does  not 
require  the  intervention  of  enzymatic  transport  systems.   If  it  is 
assumed  that  a  very  early  response  to  light  is  the  evolution  of        f 
oxygen,  and  that  oxygen  evolution  does  not  continue  unless  the 
products  formed  during  this  process  are  consumed  in  some  way  (Hill 
reaction),  then  it  may  be  expected  that  only  the  transient  would 
appear  in  response  to  illumination.   Hydrostatic  pressure  blocks       k 
the  reactions  by  which  the  photoproducts  seem  to  be  utilized. 
Consequently,  the  transient  persists  under  pressure,  while  steady 
rate  oxygen  evolution  is  inhibited.   This  response  is  analogous  to 
that  of  isolated  chloroplasts  lacking  an  added  Hill  oxidant  which 
show  only  a  single,  transient  oxygen-production  spike.   These 
chloroplasts  require  a  certain  dark  interval  before  the  maximum        fj 
transient  rate  may  be  regained'^^.   Experiments  not  presented  here     * 
indicate  a  similar,  though  shorter  time  course  for  maximum  tran- 
sient recovery  in  whole  cells. 
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The  apparent  lack  of  the  pre-a  transient  in  Porphyra  may  be 
real  and  therefore  suggests  a  process  of  oxygen  evolution  differ- 
ent from  that  of  green  or  brown  algae.   On  the  other  hand  it  is 
possible  that  the  experimental  treatment  did  not  succeed  in  iso- 
lating the  transient  from  the  rest  of  the  induction  response, 
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EFFECTS  OF  PHOTODYNAMIC  TREATTffiNT,  ULTRAVIOLET  RADIATION  AI© 
GAMMA  RADIATION  ON  THE  PHOTOSYNTHESIS  AND  HILL  REACTION 

OF  CHLORELLA 
John  D.  Spikes  and  Dennis  C.  Hall 


Our  research  program  has  been  concerned  primarily  with  kinetic 
studies  of  the  f err i cyanide  and  quinone  Hill  reaction  of  isolated 
chloroplasts  of  higher  plants(1^2}^   In  addition^  we  have  done 
some  comparative  work  on  the  photosynthesis  and  whole-cell 
quinone  Hill  reaction  of  Chlorella(3) .  V/e  have  heen  especially 
interested  in  mechanisms  of  energy  absorption,  transfer  and 
utilization  in  chloroplast  systems  as  yell  as  in  the  water- 
splitting  process  of  the  Hill  reaction'^-'.  More  recently  we  have 
expanded  our  program  to  include  a  somewhat  simpler  photochemical 
phenomenon,  photodynamic  action.   Photodynamic  action  may  be 
defined  operationally  as  the  killing  or  chemical  alteration  of  an 
organism,  cell,  or  virus,  or  the  chemical  alteration  of  a  mole-      ■ 
cule  by  light  in  the  presence  of  molecular  oxygen  and  an  appro-      | 
priate  photosensitizing  dye(5;6).   In  this  process,  light  energy 
is  absorbed  by  the  sensitizing  dye  and  then  transferred  in  some 
manner  to  the  substrate  system.  :J 


In  a  sense,  energy  transfer  mechanisms  in  photosynthesis  and 
in  photodynamic  action  may  be  considered  analogous,  since  long- 
lived,  light-excited  states  of  the  sensitizing  pigments  are 
apparently  involved  in  both  cases.   If  energy  transfer  from 
excited  chlorophyll  in  a  cell  is  prevented,  the  energy  will  be 
used  in  reactions  inhibitory  or  destructive  to  the  photosynthetic 
apparatus.   In  many  cases  these  destructive  reactions  are  photo- 
dynamic in  nature  (see  (7)  and  (°)  for  reviews  of  this  field). 
Photosynthetic  cells  lacking  carotenoids  are  rapidly  destroyed 
under  aerobic  conditions  in  the  light  in  what  is  apparently  a 
chlorophyll- sensitized  photodynamic  process^"/. 

This  paper  is  concerned  primarily  with  studies  on  the  photo- 
dynamic inactivation  of  the  photosynthesis  and  whole-cell  quinone 
Hill  reaction  of  Chlorella  in  the  presence  of  added  dyes.   For 
comparative  purposes,  some  data  on  the  inactivation  of  these  same 
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processes  by  2537  A  iiltraviolet  radiation  and  by  Cobalt-60  gamma 
radiation  is  also  presented. 

Considerable  v/ork  has  been  done  on  the  differential  staining 
of  plant  cell  organelles  with  various  dyes.  Some  dyes,  such  as 
Rhodamin  B^  appear  to  localize  in  the  chloroplastsw) .  Staining 
Elodea  leaves  in  the  light  decreased  photosynthesis;  staining  in 
the  dark  had  no  effectv^^^  H) .  Similarly^  chloroplasts  of  cells 
stained  in  the  light  showed  a  decreased  ability  to  reduce  infil- 
trated silver  nitrate(l2). 

Space  prevents  a  detailed  discussion  of  the  literature  re- 
lating to  effects  of  ultraviolet  and  ionizing  radiation  on  photo- 
synthesis and  the  Hill  reaction.   These  fields  have  been  recently 
reviewed;  howeverW^^'' .   Some  work  has  been  done  on  the  compara- 
tive kinetics  of  ultraviolet  inactivation  of  the  different  photo- 
chemical processes  carried  out  by  algae.   In  Scenedesmus,  for 
example^  photosynthesis,  the  Hill  reaction  (as  measvired  using  an 
indophenol  dye),  and  photoreduction  were^all  inhibited  about 
equally  in  a  first-order  manner  by  2537  A  ultraviolet 
radiation(l3) .   No  comparable  comparative  studies  with  ionizing 
radiation  appear  to  have  been  published.   The  photosynthesis  of 
Chlorella  as  measured  by  carbon  dioxide  fixation  and  oxygen  evo- 
lution can  be  partially  inhibited  by  gamma  irradiation! 1^) .  More 
recently,  considerable  work  has  been  done  on  the  effects  of 
ionizing  radiation  on  the  photochemical  properties  of  isolated 
chloroplasts  (see  (7^ 8;  15)  for  references). 

MATERIALS  AND  METHODS 

The  experiments  were  carried  out  with  Chlorella  pyrenoidosa. 
Chick,  Emerson  strain,  type  D,  grown  at  25°C.  in  a  modified  Knopp 
medium  with  continuous  agitation  while  being  bubbled  with  3^  car- 
bon dioxide  in  air.   The  algae  were  grown  for  72  hours  under  con- 
tinuous illumination  (800  foot-candles  of  "white"  fluorescent 
light)  and  then  for  Qh   hours  under  alternate  12  hour  light  and 
dark  periods.  Measurements  of  photosynthesis  and  Hill  reaction 
were  made  manoraetrically  at  15 °C.  using  rectangular  glass 
vessels.   The  vessels  were  illuminated  with  150-watt  reflector- 
flood  bxilbs;  light  intensity  v;as  approximately  iiOOO  foot-candles. 
The  Hill  reaction  system  was  0.00^-M  in  p-benzoquinone,  O.O5M  in 
pH  6.8  sodium  phosphate  buffer,  O.OIM  in  potassium  chloride  and 
contained  approximately  1^  algae,  all  in  a  total  volume  of  3  rnl. 
Photosynthesis  was  measured  using  Warburg  No.  9  buffer. 
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-h 
Photodynamic  action  systems  contained  1.0  x  10  M  dye.   Illumi- 
nation with  shaking  in  contact  vrith  air  was  carried  out  \n.th.   the 
same  apparatus  used  for  manometric  measurements.   After  treatment; 
the  algae  were  washed  several  times  in  distilled  water  and  then 
resuspended  in  distilled  water.   In  the  routine  screening  of  dyes 
for  photodynamic  activity,  algal  suspensions  containing  dye  were 
incuhated  in  the  dark  at  15 °C.  for  one  hour.   Samples  were  then 
illuminated  for  one  hour.   "Dark"  and  "light"  samples  were  washed 
several  times  and  then  assayed  for  photosynthetic  and  Hill  reac- 
tion activity.   Appropriate  light  and  dark  controls  were  also 
carried  out. 

A  General  Electric  15-vatt  germicidal  lamp  was  used  in  the 
\iltraviolet  radiation  studies.   Ultraviolet  radiation  intensities 
were  measured  \-n.th   a  Luckiesh-Taylor  "germicidal  attachment"  in 
conjimction  with  a  General  Electric  Model  80WUOVl6  light  meter. 
Gamma  radiation  studies  were  carried  out  with  a  525  curie  cobalt- 
60  source.   The  irradiation  chamber  was  maintained  at  a  constant 
temperature.   The  energy  flux  in  the  chamber  was  measured  periodi- 
cally v/ith  the  Fricke  ferrous  sulfate  method;  the  dose  rate  was 
73-1  ±  0'3  X  103  rads  per  hour. 

RESULTS 

Photodynamic  effects  on  Hill  reaction  and  photosynthesls- 

A  large  number  of  dyes  were  examined  for  "dark"  and  photo- 
dynamic effects  on  Chlorella  Hill  reaction  and  photosynthesis. 
Most  of  the  dyes  showed  no  photodynamic  sensitization.   The 
inactive  dyes  included  Acridine  oraage,  Acriflavine,  Alcian  blue, 
Auramine  0,  Aureomycin,  Azure  A,  Azure  C,  Biofluor,  Camoquin  di- 
hydrychloride,  Dinitrophenol,  Eosin  B,  Eosin  Y,  Fuchsins,  Hema- 
toporphyrin,  Janus  green  B,  Malachite  green,  8-Methoxypsoralen, 
Neutral  red,  Nile  blue  A,  Orange  G,  para-Rosanilin  hydrochloride, 
Pentaquine  phosphate,  Phenosafranin,  Pyronin  B,  Pyronin  Y, 
Rhodaraine  B,  Rhodamine  G,  Riboflavin,  Riboflavin-5 ' -phosphate, 
Safranin  0,  Sodium  magnesium  chlorophyllin,  Toluidine  blue  0, 
Toluylene  blue,  and  Trypan  blue.   Seven  of  the  dyes  were  photo- 
dynamically  active,  including  Erythrosin  B,  Ethyl  eosin. 
Methylene  blue.  New  methylene  blue  N,  Phenazine  methosulfate. 
Rose  bengal,  and  Thionin.   Some  dyes,  including  Malachite  green, 
Methylene  blue,  Nile  blue  A  and  Rose  bengal  produced  inactivation 
in  the  dark  at  higher  concentrations.   Photosynthesis  was  usually 
more  sensitive  to  dark  inactivation  than  the  Hill  reaction. 

The  dye.  Rose  bengal,  which  combined  good  photosensitizing 
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ability  vith  average  dark  activity  was  selected  for  more  detailed 
studies.   Photochemical  inactivation  with  Rose  bengal  followed 
the  classical  photodynamic  pattern  in  that  systems  illiiminated 
under  flowing  tank  nitrogen  showed  only  slight  loss  of  Hill 
reaction  and  photosynthetic  activities^  while  systems  illuminated 
in  the  same  way  in  air  showed  a  rapid  loss  of  activity.   Inacti- 
vation was  apparently  not  produced  to  any  great  extent  by  stable 
toxic  photoproductS;  since  samples  of  Rose  bengal  which  had  been 
illuminated  in  air  were  no  more  inhibitory  in  the  dark  than 
unillurainated  dye. 

The  dark  and  light  inactivation  of  Chlorella  in  the  presence 
of  Rose  bengal  was  investigated  as  a  function  of  various  combi- 
nations of  dye  concentration,  duration  of  dark  treatment  with 
the  dye,  and  duration  of  illumination  in  the  presence  of  the  dye. 
Treatment  with  dye  in  the  dark  inhibited  photosynthetic  activity; 
inhibition  increased  \^^ith  the  duration  of  treatment.   Hill 
reaction  activity  was  relatively  insensitive  to  dark  treatment. 
Inhibition  of  both  activities  increased  progressively  with  dur- 
ation of  illumination  in  the  presence  of  dye.   Loss  of  activity 
in  the  light  was  not  strictly  first-order.   Inactivation,  in 
general,  increased  with  increasing  dye  concentration.   A  typical 
set  of  data  illustrating  the  effects  of  Rose  bengal  concentration 
on  both  dark  and  light  inactivation  is  shown  in  Table  I. 


OYE 
MOLAR  1  TV 

LIGHT +  DYE 

DARK  -♦-  DYE 

UNTREATED 

IO"^M 

10' 5m 

10- '♦m 

I0-6m 

10- 5m 

10- '♦m 

HILL 
REACTION 

(fi»n3  Oj/    HR) 

302 

212 

29 

373 

359 

35'* 

378 

PHOTO- 
SYNTHESIS 

(n»n3  Oj/   HR) 

260 

129 

-56 

337 

282 

73 

3'»7 

Table  I  -  Effect  of  Rose  bengal  concentration 
on  the  photodynamic  and  dark  inactivation  of 
Chlorella  photosynthesis  and  quinone  Hill  reaction. 
The  algae  were  treated  in  the  dark  with  dye  in  the 
concentrations  given  for  60  rain.,  and  then  illumi- 
nated for  15  min.  at  i|,000  foot-candles  in  the  case 
of  the  light  experiments. 
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Cyanide  protected  algal  Hill  reaction  significantly  from  gamma 
radiation  damage^  while  beta-aminoethylisothiuronium  hydrobromide 
(AET)  had  no  protective  effect.   Both  light  and  oxygen  protected 
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As  may  be  seen^  the  Hill  reaction  activity  fell  off  progressively 
with  increasing  dye  concentration  in  the  photodynamic  experi- 
mentS;  whereas  little  inactivation  occurred  if  the  algae  were 
kept  in  the  dark.   In  the  case  of  photosynthesis,  activity  fell 
off  rapidly  with  increasing  dye  concentration  in  both  the  light 
and  in  the  dark;  activity  was  lost  more  rapidly  in  the  light. 
The  algae  treated  photodynamic ally  in  the  presence  of  high  con- 
centrations of  dye  actually  took  up  oxygen  on  illiomination  in  the 
photosynthetic  system. 

Ultraviolet  effects  on  Hill  reaction  and  photosynthesis- 

Space  permits  the  presentation  of  only  a  few  observations  on 
the  comparative  effects  of  2537  A  ultraviolet  radiation  on  algal 
Hill  reaction  and  photosynthesis.   V/hen  the  algae  were  irradiated 
at  a  dose  rate  of  I36O  microwatts/cm^,  the  photosynthetic  rate 
dropped  to  50^  after  3  nun.  and  to  zero  after  5  min.   In  con- 
trast, the  Hill  reaction  rate  increased  sharply  at  first  and 
attained  a  value  2Vfo   greater  than  that  of  the  control  after  one 
min.  of  irradiation.   The  activity  then  decreased  rapidly  with 
dose,  and  dropped  to  ^QFJo   after  h   min.  and  to  zero  at  5  min. 
After  the  transitory  initial  rise,  the  time-course  for  loss  of 
Hill  reaction  activity  closely  resembled  that  for  the  loss  of 
photosynthetic  activity.   In  neither  case  did  the  loss  of  acti- 
vity follow  first-order  kinetics.   Algae  irradiated  for  6  min. 
or  longer  took  up  oxygen  on  illumination  at  a  rate  15-20  times 
greater  than  the  rate  of  uptake  in  the  dark.   No  photoreacti- 
vation  of  the  Hill  reaction  or  photosynthetic  activity  in  ultra- 
violet-irradiated algae  was  observed. 

Gamma  radiation  effects  on  Hill  reaction  and  photosynthesis- 

Again,  space  permits  the  presentation  of  only  a  few  highlights 
in  this  area  of  work.   The  loss  of  both  Hill  reaction  and  photo- 
synthetic activities  v^as  approximately  linear  with  gamma  radi- 
ation dose.   Loss  of  activity  was  greater  at  higher  irradiation 
temperatures;  the  loss  of  Hill  reaction  activity  was  more 
temperature- dependent  than  the  loss  of  photosynthetic  activity. 
At  12°C.  the  Hill  reaction  fell  off  more  rapidly  with  increasing 
dose  (50^  inactivation  at  550^000  rad)  than  did  photosynthetic 
activity  (50/0  inactivation  at  790,000  rad).  | 
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Chlorella  during  gamma  irradiation,  with  Hill  reaction  activity 
being  protected  to  a  slightly  greater  extent  than  photosynthetic 
activity. 

Chlorophyll  destruction  in  gamma- irradiated  algae  was  rela- 
tively very  much  less  than  the  inactivation  of  Hill  reaction  and 
photosynthetic  activities.   Therefore  decrease  in  activity  covild 
not  be  correlated  in  any  simple  way  -with  the  loss  of  bulk 
chlorophyll.   The  extractability  of  chlorophyll  from  the  algae 
into  95^  methanol  was  increased  by  gamma  irradiation.   Chloro- 
phyll in  solution  in  95^  methanol  was  much  more  sensitive  to 
destruction  by  gamma  radiation  than  chlorophyll  in  situ  in  the 
algal  cell. 

The  Hill  reaction  and  photosynthetic  activities  of  both 
i^Ltraviolet  and  gamma- irradiated  algae  were  retained  during 
post- irradiation  storage  in  much  the  same  way  as  in  unirradiated 
algae.   Activities  were  lost  rapidly  during  storage  in  the  dark 
at  higher  temperatures,  and  slowly  in  the  light  at  low  tempera- 
tures.  There  was  no  evidence  of  photoreactivation  in  gamma- 
irradiated  algae. 

DISCUSSION 

The  present  work  demonstrates  the  photodynamic  inactivation  of 
Chlorella  photosynthesis  and  Hill  reaction  in  the  presence  of 
certain  dyes.   These  dyes  presumably  penetrate  through  the  cell 
membrane  and  into  the  chloroplast  in  order  to  act  as  sensitizers. 
The  apparent  lack  of  activity  of  dues  such  as  Rhodamine  B,  which 
have  been  shown  to  photosensitize  other  systems,  may  thus  result 
from  slow  penetration  into  Chlorella  cells  rather  than  from  lack 
of  activity.   Some  dyes  inhibited  photosynthetic  activity  by 
dark  reactions;  Hill  reaction  activity  was  much  less  sensitive. 
Presumably  this  inhibition  results  from  the  ability  of  these 
dyes  to  associate  or  react  with  celliilar  constituents  involved 
in  carbon  dioxide- fixation  pathways.   Such  dyes  might  be  useful 
specific  inhibitors  of  particular  steps  in  these  pathways. 

The  study  of  photodynamic  processes  may  be  justified  in  the 
context  of  photosynthetic  mechanism  from  several  points  of  view. 
First,  a  number  of  workers  have  demonstrated  that  chlorophyll- 
sensitized  endogenous  photodynamic  processes  occur  in  photo- 
synthetic plants  under  certain  conditions.   Plants  therefore 
survive  exposure  to  light  only  by  possessing  devices  to  minimize 
photodynamic  action.   Secondly,  there  may  be  useful  analogies 
betvAeen  simple  photodynamic  systems  and  photosynthesis  which 
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would  aid  in  iinder standing  the  latter  process.   This  follovs 
since  both  systems  absorb  light  in  approximately  the  same  energy 
range  and  then  transfer  this  energy  to  other  molecules  throiigh 
the  mediation  of  some  long-lived  state  of  the  pigment.   Finally^ 
photodynaraic  action  might  be  used  as  a  specific  inhibitor  in 
studying  sub-reactions  of  photosynthesis.   Chlorella  photo- 
synthesis is  more  sensitive  than  the  Hill  reaction  to  photo- 
dynamic  inactivation  in  the  presence  of  Rose  bengal.   Different 
dyeS;,  because  of  different  chemical  and  physical  properties, 
might  be  expected  to  localize  at  different  sites  in  the  photo- 
synthetic  reaction  sequences.   On  subsequent  illumination,  dif- 
ferent sites  could  then  be  preferentially  inactivated.   As  an 
example  of  this  approach,  guanine  residues  are  found  to  be  des- 
troyed preferentially  when  DNA  is  illuminated  in  the  presence  of 
methylene  blue;  the  other  bases  are  little  affectedv^^/ . 

In  contrast  to  earlier  studies ^-'-^^,  our  data  on  the  time 
course  of  inactivation  of  Chlorella  Hill  reaction  and  photosyn- 
thesis by  ultraviolet  radiation  did  not  fit  first-order  kinetics. 
The  dose  required  for  50^  inhibition  of  photosynthesis  fell  with- 
in the  range  previously  observed' 17) .   It  is  not  clear  from  our 
data  whether  the  ultraviolet-inactivation  of  Hill  reaction  and 
photosynthetic  activities  involves  the  same  "sensitive"  molecule. 
With  low  radiation  doses,  Hill  reaction  activity  is  stimulated 
significantly  while  photosynthetic  activity  immediately  de- 
creases.  Hov;-ever,  after  the  initial  stimulation.  Hill  reaction 
activity  decreases  with  increasing  dose  in  much  the  same  way  as 
photosynthetic  activity. 

Packard^ -'-^''  reported  that  photosynthetic  organisms  were  less 
sensitive  to  damage  by  ionizing  radiation  when  irradiated  in  the 
light.   The  present  work  shows  that  Chlorella  cells  illuminated 
during  gamma  irradiation  retained  more  than  twice  as  much  Hill 
reaction  and  photosynthetic  activity  as  algae  irradiated  with 
the  same  dose  in  the  dark.   Another  interesting  observation  was 
that  oxygen  partially  protected  these  activities  against  inacti- 
vation by  gamma  radiation.   Such  a  "reverse"  oxygen  effect  has 
been  observed  only  rarely' 19J.   Chlorophyll  in  situ  was  much 
less  sensitive  to  destruction  by  gamma  radiation  than  chlorophyll 
dissolved  in  organic  solvents  (also  see  C^OJ)^   jt  rnay  be  that 
certain  constituents  of  the  chloroplast  protect  the  pigment  in 
some  v/ay,  or  the  pigment  may  be  present  in  the  chloroplast  in  a 
physical  form  (such  as  micro-crystals)  much  more  resistant  to 
ionizing  radiation  than  chlorophyll  molecules  in  solution.   The 
increase  in  extractability  of  chlorophyll  from  Chlorella  with 
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increasing  dose  of  gamma  irradiation  is  similar  to  that  reported 
for  ultraviolet  irradiated  leaves\21j. 

Algae  in  which  photosynthesis  was  inactivated  by  photodynamic 
treatment;  or  by  acute  doses  of  ultraviolet  or  gamma  radiation^ 
showed  a  large  uptake  of  oxygen  on  illumination.   The  rate  of 
uptake  was  many- fold  greater  than  the  respiratory  rate.   In 
inactivated  algae  the  chlorophyll  excitation  energy  probably 
cannot  be  channeled  into  useful  reactions  and  is  therefore 
available  for  the  photooxidation  of  endogenous  organic  compounds. 

In  summary^  we  would  like  to  suggest  again  the  use  of  radi- 
ation as  a  tool  of  the  "specific  inhibitor"  type  in  the  eluci- 
dation of  photosynthetic  mechanisms.   The  present  experiments^ 
although  very  preliminary,  do  demonstrate  the  differential 
effects  of  radiation  on  the  photosynthetic  and  Hill  reaction 
activities  of  Chlorella.   Because  of  the  possibility  of  using 
selective  dyes,  the  photodynamic  inactivation  approach  appears 
to  be  the  most  useful. 
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ON  THE  VARIABILITY  IN  THE  ACTIVITY  OF  THE 
PHOTOSYNTHETIC  MECHANISMS 

Constantine  Sorokin 


Photosynthetic  activity  was  observed  to  vary  from  one  observa- 
tion to  another  and  in  the  course  of  one  experiment.   For  example, 
in  measurements  of  the  enhancement  effect,  the  photosynthetic  rate 
and  enhancement  were  changing  over  a  considerable  period  of  time 
estimated  to  last  for  the  red  alga  Porphyridium  for  about  k 
hours  (Oo   In  Chlorella,  the  dark  current  was  observed  to  drift 
during  the  first  12  hours  after  placing  cells  upon  the 
electrode  (2),  and  stabilization  of  photosynthetic  oxygen  produc- 
tion required  up  to  2  or  3  days.   Poor  reproducibility  and 
inconsistency  of  the  activity  with  time,  even  for  the  same  batch 
of  cells,  implied  that  some  factor  or  factors  were  possibly  over- 
looked. 

Studies  on  photosynthetic  activity  in  the  course  of  the 
development  of  algal  cells  indicated  that  the  activity  level  does 
not  remain  constant  during  the  life  cycle  of  cells.   As  a  cell 
proceeds  in  its  development,  the  activity  first  rises  during  the 
initial  portion  of  the  life  cycle,  attains  a  maximum  in  cells  of 
intermediate  age,  and  then  declines  toward  the  time  of  cell 
division  (Fig,  1). 

One  group  of  investigators  observed  the  rising  part  of  the 
curve  to  coincide  with  the  initial  portion  of  the  illumination 
period  and  the  declining  part  of  the  curve  with  the  later  portion 
of  the  illumination  period  (3~7),   Under  conditions  of  synchro- 
nization used  by  another  group  of  researchers,  the  recovery  of 
the  rate  was  accomplished  before  the  beginning  of  illumination; 
thus,  the  decline  in  the  photosynthetic  rate  was  usually 
observed  as  extending  over  the  whole  light  period  \°*    9), 

A  decline  in  photosynthetic  activity  beginning  at  some  earlier 
or  later  developmental  stage  is  a  common  feature  characteristic 
of  the  life  cycle  of  cells,   Otd  cells  are  sluggish  (6),  have 
lower  quantum  efficiency  ('0) ,  and  are  more  sensitive  to  adverse 
environmental  conditions,  particularly  to  the  effects  of  strong 


light  (^). 
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TIME 


Fig.  1— Photosynthetic  activity  in  the  course  of 
eel  1  development. 


In  prolonged  measurements,  the  rate  of  photosynthetic  gas 
exchange  declines  in  old  cells  from  the  very  beginning  of 
observations  (Fig.  2).   In  younger  cells,  photosynthetic  rate  may 
greatly  increase  in  the  course  of  observations,  even  if  cells  are 
suspended  in  a  nitrogen-free  medium  (''"'^), 

Thus,  the  size  and/or  activity  of  photosynthetic  apparatus  may 
Increase  in  younger  cells  even  under  conditions  generally  con- 
sidered unfavorable  for  photosynthesis.   Under  the  same  and  more 
favorable  conditions,  the  activity  and/or  the  size  of  photosyn- 
thetic machinery  in  old  cells  inevitably  declines. 

The  decline  in  the  active  part  of  photosynthetic  apparatus 
with  aging  of  cells  has  been  attributed  to  changes  in  the  rate  of 
metabolic  turnover:  the  increase  in  catabolic  activity  and  the 
decline  in  intensity  of  anabolic  processes  characteristic  of  the 
process  of  cell  development.   An  intense  anabolic  activity  is 
coupled  in  younger  cells  with  higher  capacity  to  use  metabolic 
intermediates  for  rebuilding  photosynthetic  machinery  ('"»  ^7), 

Respiration  activity  ('")  and  the  capacity  of  cells  for 
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2     3 
HOURS 


Fig.  2— Rates  of  photosynthetic  gas  exchange  (in 
relative  units)  for  lO-min.  intervals  in  synchronized 
0-  and  8-hour  cells  of  Chlorella  ('5), 


growth  ^*°f    have  been  also  reported  to  decline  toward  the  end  of 
the  life  cycle.   Available  information  on  nitrogen  accumula- 
tion (20),  nucleic  acid  content  (21),  ash  constituents  (22)^ 
phosphorvlation  activity  (23),  and  contents  of  several  vita- 
mins (2^)  also  indicates  that  all  these  variables  depend  on  the 
developmental  status  of  cells. 

Surprisingly,  observations  on  the  dependence  of  metabolic 
activity  on  the  developmental  status  of  cells  have  made  small 
impact  on  studies  of  metabolism,  and  particularly  on  studies  of 
photosynthesis.   A  plausible  explanation  for  the  little  con- 
sideration given  to  the  developmental  aspect  of  photosynthesis 
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lies,  perhaps,  with  the  fact  that  most  of  the  above  observations 
were  made  on  specially  synchronized  algal  ce11s« 

There  has  been  wide-spread  concern  (25-2o)  ^^3^  ^^g  observed  ^ 
variations  in  metabolic  activity  may  be  due  to  synchronization  s 
technique;  that  they  are  not  characteristic  of  the  normal  life  \ 
cycle  of  cells  but  are  caused  by  the  synchronizing  agent.  The 
effect  of  a  synchronizing  agent  on  the  subsequent  activity  of 
cells  cannot  be  denied  any  more  than  can  the  effect  of  any  other 
environmental  condition.  However,  a  decline  in  metabolic  activity 
with  the  age  of  cells  was  observed  also  for  the  naturally  syn- 
chronized green  colonial  alga  Hydrodictvon  (29)  and  for  individual 
cells  of  Amoeba  (30)  and  Tetrahymena  (3«), 

Another  technique  used  in  studies  of  the  relative  photosyn- 
thetic  activity  in  young  and  old  algal  cells  consists  of 
separation  of  cells  of  an  originally  nonsynchronized  suspension 
into  fractions  by  centrifugation.  After  centrifugation,  the 
small  cell  fraction  presumably  consists  mostly  of  young  cells  and 
the  large  cell  fraction  of  predominantly  old  cells.   Before  being 
centrifuged  from  a  nonsynchronized  suspension,  these  two  groups 
of  cells  are  subjected  to  the  same  environmental  conditions  and 
the  difference  in  their  performance  must,  therefore,  be  attri- 
buted only  to  the  difference  in  the  age  composition  of  these 
groups. 

Using  this  technique,  the  late  Or,  R.  Emerson  studied  quantum 
efficiency  of  small  and  large  cells  and  made  two  comments.   In 
one  report  in  195^  (32)^  he  stated  that  large  cells  have  higher 
quantum  requirement  per  molecule  of  photosynthetic  oxygen  produc- 
tion.  In  1957  (33),  he  reversed  his  opinion,  stating  that 
difference  in  quantum  efficiency  of  large  and  small  cells  is 
transient  and  therefore  illusory.   Neither  report  was  published 
in  detail,  and  no  description  of  the  technique  used  by 
Or.  Emerson  is  available.  Or.  Emerson's  observations,  and  parti- 
cularly his  denial  of  the  age  changes  in  photosynthetic  activity, 
probably  contributed  to  the  delay  in  the  acceptance  of  the 
concept  of  aging  of  cells  as  a  universal  biological  reality. 

Centrifugation  technique  may  lead  to  false  interpretations 
unless  some  basic  conditions  are  observed.   These  conditions 
include: 

1.  A  wide  diversification  in  cell  sizes  of  nonsynchronized 
suspension  to  be  subjected  to  centrifugation; 
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2.  A  careful,  repeated  centrifugation  and  rejection  of  the 
largest  portion  of  the  intermediate  cells; 

3.  A  prevention  of  large  cells  from  dividing  during  the 
process  of  centrifugation; 

4.  Prolonged  observations  on  the  activity  of  small  and  large 
cell  fractions. 

In  our  investigations  under  various  temperature  and  illumi- 
nance conditions  and  in  such  diverse  suspending  fluids  as 
phosphate  buffer  at  pH  4.5,  bicarbonate  buffer  at  neutral  pH,  and 
carbonate -bicarbonate  buffer  at  pH  above  9,  the  fraction  of 
larger  cells  consistently  displayed  an  inferior  photosynthetic 
activity  provided  the  separation  of  cells  into  fractions  by 
centrifugation  was  reasonably  good  (Fig.  3). 

In  studies  on  nonsynchronized  algal  populations  a  gradual  , 
slow  change  in  age  composition  of  the  batch  of  cells  and  an  accu- 
mulation of  small  cells  occur.   Actual  progress  in  cell  division 
in  a  batch  of  cells  under  observation  depends  on  the  hereditary 
constitution  of  the  organism,  the  external  conditions,  and  the 
physiological  state  of  the  cells,  the  last  one  largely  dependent 
on  their  prehistory.   An  interaction  of  these  factors  affects 
individual  cells  against  their  developmental  background.   Thus, 
the  chance  of  a  particular  cell  to  enter  the  division  stage,  the 
degree  of  completion  of  cell  division,  and  the  time  course  of  the 
division  process  depend  on  how  far  the  cell  progressed  in  its 
development  by  the  time  it  was  taken  for  observation.   The  com- 
plexity of  the  situation  makes  it  unreasonable  to  expect  a  ready 
standardization  of  age  composition  of  cells  used  in  a  series  of 
experiments. 

Eventually  all  cells  capable  of  division  divide  and  the  age 
composition  of  the  batch  of  cells  stabilizes.   These  cells  have 
been  described  as  "active  dark"  cells  (2),   However,  for  a  number 
of  reasons,  cells  maintained  on  the  electrode  surface  hardly  can 
be  called  "active  dark"  cells.   For  one  reason,  under  unfavorable 
conditions,  not  all  the  cells  divide  and  some  cells  do  not  attain 
the  status  of  a  small  (dark)  cell.   For  another  reason,  the 
"active  dark"  cells,  in  the  sense  used  by  Tamiya  group  (°) ,  are 
recognized  to  be  actually  starved  cells  (3^.  35),   Thirdly, 
physical  conditions  on  the  electrode  surface  are  even  less  favor- 
able for  cell  division  and  maintenance  of  cells  than  those 
stipulated  by  Tamiya's  synchronization  technique. 
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Fig.  3~Time  course  of  photosynthetic  gas  exchange 
(in  relative  units)  in  small  and  large  Chlorella 
cells  separated  from  a  nonsynchronized  suspension  by 
fractional  centrifugation. 


Growth  under  the  described  conditions  (2)  is  negligible  or 
absent.   The  importance  of  maintaining  growth  conditions  has  been 
generally  disregarded  in  photosynthetic  investigations.   However, 
growth  activity  is  a  reliable  indicator  of  the  direction  and  rate 
of  metabolic  turnover.   Catabolic  activity  is  much  stronger  and 
anabolic  orocesses  are  comparatively  weak  in  nongrowing 
cells  Ud),   Enzyme  proteins  in  nongrowing  cells  undergo  fast 
degradation,  products  of  degradation  accumulate,  and  the  size  of 
the  active  part  of  the  metabolic  apparatus  is  reduced  to  a 
minimum. 


748 


Cons  tan tine  Sorokin 


The  duration  of  the  period  of  intensive  degradation  under 
unfavorable  growth  conditions  is  expected  to  depend  on  the 
physiological  state  of  cells  and  on  external  factors.   Eventually, 
with  little  left  to  undergo  degradation,  catabol ic  processes  also 
decline  to  a  minimum.   In  an  impoverished  cell,  metabolic 
activity  is  more  or  less  stabilized  at  a  low  level.   However,  the 
fact  that  the  cell  cannot  be  maintained  in  this  state  indefi- 
nitely indicates  that  even  under  these  conditions  degradation 
proceeds  at  a  slow  rate  until  the  death  of  the  cell. 

Thus,  in  a  batch  of  nonsynchronized  cells  undergoing  the  so- 
called  starvation  (2»  37),  three  groups  of  conplex  processes  take 
place:  the  depletion  of  reserve  materials  in  the  process  of 
respiration,  a  change  in  the  age  composition  of  cells  under 
observation,  and  progressive  degradation  of  metabolic  mechanisms 
due  to  absence  of  growth.   Both  moieties  of  the  photosynthetic 
apparatus,  the  one  responsible  for  dark  reactions  and  the  other 
constituting  photochemical  part  of  photosynthetic  machinery,  are 
affected.  An  indirect  evidence  for  the  enzymatic  part  to  be 
affected  by  age  changes  and  metabolic  turnover  comes  from  studies 
on  the  degradation  of  enzyme  proteins  in  bacteria  and  yeasts  (3o) 
as  well  as  from  observations  on  the  decline  in, the  respiratory 
and  growth  activity  with  the  age  of  the  cells  (^o»  '9).  A  more 
direct  proof  is  supplied  by  the  fact  that  photosynthetic  activity 
in  older  cells  is  much  lower  than  in  younger  cells  under  condi- 
tions of  light  saturation  where  the  rate  of  the  photosynthetic 
process  is  affected  by  enzyme  activity  '"). 

Indications  for  the  photochemical  part  of  the  photosynthetic 
apparatus  to  be  affected  by  changes  bound  with  cell  development 
and  metabolic  turnover  are  as  follows: 

1.  Studies  on  chlorophyll  turnover  in  higher  plants  indicated 
that  chlorophyll  undergoes  a  rapid  degradation  in  older 

tissues  (38JfO). 

2.  Observations  on  synchronized  algal  suspensions  demon- 
strated that  photosynthetic  activity  in  older  cells  is  inferior 
to  that  of  cells  of  intermediate  age  also  at  intensities  below 
light  saturation  where  the  rate  of  photosynthesis  is  assumed  to 
be  dependent  on  photochemical  reactions  v*^), 

3.  Fluorescence  intensity  for  older  cells  was  shown  to  exceed 
that  of  younger  cells  (^2).   with  the  inverse  ratio  existing 
between  fluorescence  yield  and  photosynthetic  activity,  observa- 
tions on  the  increase  in  fluorescence  with  the  age  of  the  cells 
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provide  most  direct  proof  for  changes  in  the  distribution  of 
energy  in  the  primary  photochemical  act,  changes  bound  with  cell 
development. 

Thus,  a  cell  never  stands  still.   It  is  in  a  constant  flux. 
An  interplay  of  biological  factors  may  explain  the  inconsistency 
of  observations  on  photosynthetic  activity  of  cells.   Of  these 
factors,  shifts  in  the  age  composition  in  a  batch  of  cells  under 
investigation  and  changes  in  the  size  of  the  active  part  of 
metabolic  mechanism  in  each  particular  cell,  as  affected  by 
metabolic  turnover,  deserve  thoughtful  consideration. 

Preparation  of  this  article  was  supported  by  funds  from  the 
National  Aeronautics  and  Space  Administration. 
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SUMMARY 


This  summary  is  an  attempt  by  the  chairman  and  organizer 
to  present  a  brief,  moderately  critical  guide  to  major  points 
of  experimental  and  theoretical  interest  in  the  70-odd  re- 
ports collected  in  this  volume.   The  reader  should  be  aware, 
however,  that  the  emphases  and  interpretations  of  this  survey 
are  unavoidably  biased. 

At  the  present  meeting  the  general  focus  of  attention 
was  on  the  questions  revolving  around  the  cooperation  of  two 
distinct  light  reactions,  and  in  particular,  the  electron 
transport  pathways  associated  with  each.   Since  many  papers 
in  this  volume  already  contain  diagrams  visualizing  the 
interaction  of  several  light  and  dark  steps,  we  will  not 
attempt  to  reproduce  another  one  at  this  point.   We  will  be 
commenting  on  various  aspects  of  these  schemes,  and  the 
reader  is  referred  to  one  or  more  of  them  for  clarification 
of  the  over-all  relationships. 

The  necessity  for  cooperation  of  two  "photosystems"  in 
green  plant  photosynthesis  has  been  established  clearly  from 
studies  of  the  dependency  of  photosynthetic  rates,  and  of 
fluorescence  yield,  on  illumination  by  different  wavelengths 
of  light  and  combinations  or  alternations  of  these  wave- 
lengths.  These  "photosystems"  may,  according  to  one  view, 
utilize  their  own  specific  pigment  complexes  for  light  ab- 
sorption, and  activate  different  parts  of  the  photosynthetic 
electron  transport  chain.   System  I  (terminology  of  ^uysens* 


Names  refer  to  first  authors  of  articles  in  this 
volume. 
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and  used  by  most  participants;  also  "long  wavelength  system") 
is  sensitized  mainly  by  chlorophyll  _a;  system  II  involves  the 
accessory  pigments  plus  some  in  vivo  forms  of  chlorophyll  a. 
The  areas  of  greatest  activity  now  cover  the  precise  nature 
of  the  biochemical  events  set  into  motion  by  illumination  of 
each  of  these  pigment  systems,  and  the  mechanism  for  coopera- 
tion between  the  two. 

Relatively  little  discussion  or  new  information  was  pre- 
sented at  this  meeting  concerning  the  mode  of  energy  transfer 
from  the  initial  light  absorbing  pigment  molecules,  to  the 
"quantum  conversion  centers"  (alternatively  -  active  centers, 
sinks).   Past  arguments  concerning  the  existence  of  electron 
or  hole  migration  in  the  chloroplast  lamellae  appear  to  have 
subsided,  and  resonance  transfer  is  looked  to  by  most  for  the 
method  of  energy  transfer  to  the  trapping  centers  (Duysens, 
Rabinowitch).   The  photosynthetic  unit,  according  to  one  re- 
port (Kok)  may  be  smaller  than  has  been  accepted  until  now. 

No  evidence  was  presented  directly  related  to  the  intimate 
mechanism  of  the  conversion  of  excitation  energy  to  oxidation 
reduction  energy  at  the  trapping  center.   However,  a  very 
general  underlying  assumption  is  that  the  primary  result  of 
this  mechanism  is  the  creation  of  a  negative  potential  elec- 
tron donor  and  a  positive  potential  electron  acceptor. 

Several  laboratories  report  the  direct  observation  of 
small  amounts  of  long  wave  absorbing  pigments  (Olson,  Butler). 
These  arouse  great  interest  because  they  could  serve  as  sinks 
for  migrating  excitation  energy;  and  hence  they  should  be  at 
the  heart  of  any  conversion  center.   For  the  same  reason, 
attention  is  being  paid  to  pigments  having  fluorescence  emis- 
sion bands  at  long  wavelengths.   These  were  recently  observed 
at  very  low  temperatures,  and  have  been  studied  intensively 
both  in  vivo  and  in  solutions  of  chlorophyll  (Brody).   The 
same  considerations  add  great  interest  to  the  findings  that 
a  minor  fraction  of  chlorophyll,  having  an  absorption  band 
at  longer  wavelengths  is  the  only  chlorophyll  present  in 
distinct  spatial  orientation  (R.  Olson). 

Since  quanta  absorbed  by  the  two  pigment  systems  have 
complementary  functions,  it  is  clear  that  there  must  be  two 
distinct  conversion  centers  (although  it  is  still  possible 
that  one  conversion  center  is  actually  the  photo-activated 
form  of  the  other — a  mechanism  proposed  by  Franck).   Studies 
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of  spectroscopic  changes  as  affected  by  additions  of  co- 
factors,  electron  donors  or  acceptors,  and  inhibitors,  clearly 
associate  photosystem  II  with  the  high  potential  side  of 
electron  transport--specif ically ,  with  the  release  of  oxygen, 
Photosystem  I,  on  the  other  hand,  appears  to  function  in 
inducing  electron  flow  at  the  negative  potential  end,  provid- 
ing the  reductant  for  ferredoxin,  TPN,  the  viologens,  etc. 

The  conversion  center  for  photosystem  I  is  nov/  generally 
agreed  to  be  the  long  wavelength  chlorophyll  "P700"  (Kok), 
probably  a  part  of  the  oriented  chlorophyll  complex  (Olson). 
Upon  excitation  by  light  energy  it  donates  an  electron  to  an 
associated,  unidentified  acceptor,  which  must  then  be  quite 
a  strong  reductant.   [The  remaining  radical  might  be  responsi- 
ble for  one  of  the  light  induced  EPR  signals  (Beinert)]. 
PyOO  apparently  transfers  one  electron  per  mole,  behaving  as 
a  redox  reagent  with  a  potential  (+  0.^3  v)  slightly  higher 
than  that  of  cytochrome  f_  (+  .36  v)  with  which  it  appears  to 
be  associated  in  a  charge  transfer  complex.   This  reaction 
is  observed  even  at  liquid  nitrogen  temperature  (Witt,  ChanceX 
A  third  component,  the  recently  discovered  copper  enzyme 
plastocyanin  (Katoh)  was  reported  to  be  another  part  of  this 
trapping  center  complex. 

Present  knowledge  or  even  speculations  on  the  trapping 
center  of  photosystem  II  are  meager  by  comparison.   Studies 
of  fluorescence  yield  (Duysens,  Butler,  Kok)  clearly  indicate 
a  chlorophyll  as  being  the  final  light  collector  but  no  un- 
equivocal evidence  has  been  found  for  a  color  change  of  this 
trap  upon  excitation. 

It  is  usually  assumed  that  photoact  II  creates  an  oxidant 
with  a  potential  higher  than  +  0.8  volts,  so  that  the  oxidant 
by  itself  can  oxidize  water.   However,  there  is  no  absolute 
need  for  such  an  assumption.   An  alternative  presented  at  the 
meeting  (Hoch),  could  involve  the  electron  in  a  jump  over  any 
potential  span,  just  so  long  as  enough  energy  is  provided  to 
bridge  the  gap  of  +  O.h   volts  between  P700  and  water. 

The  reductant  made  by  photoact  II  according  to  most  (but 
not  all)  is  likely  to  have  a  potential  of  about  0.0  volts. 
More  than  one  laboratory  identifies  this  compound  with  plast- 
oquinone  (Witt,  Trebst).   However,  the  evidence,  still 
indirect,  is  based  mainly  upon  the  assumption  that  absorption 
changes  at  520  mu  are  due  to  an  assumed  complex  between 
plastoquinone  and  another  ( carotenoid? )  pigment.   Some  support 
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is  extended  by  experiments  in  which  extraction  of  lipid  com- 
ponents, including  plat toquinone  by  hexane,  leads  to  inactiv- 
ation  of  both  O^   evolution  and  the  520  change. 

Although  the  original  paper  of  Hill  and  Bendall  suggest 
cytochrome  b^  as  the  primary  reductant  of  Photosystera  II,  the 
evidence  so  far  has  been  discouraging  (W.  Bonner).   Only  under 
abnormal  conditions  is  a  light  induced  reduction  of  this 
carrier  now  clearly  seen  (J.  Olson). 

In  complete  photosynthesis  the  reductant  of  the  second 
photoact  reduces  the  oxidant  of  the  first.   The   0.4  volt 
potential  gap  between  these  two  is  believed  to  be  bridged  by 
exergonic  electron  flow,  possibly  coupled  to  ATP  formation. 
Indophenol  and  other  quinoid  dyes,  reduced  by  ascorbic  acid, 
are  able  to  donate  electrons  to  some  member  of  this  region  of 
the  chain  between  the  two  photoacts.   In  that  case  electron 
flow  to  TPN  or  etc.  is  driven  by  photosystem  I  alone.   Another 
locus  of  entry  for  electron  donors  other  than  water  appears  to 
be  at  the  high  potential  end  of  the  chain  (Trebst,  Vi/itt). 
Such  oxidations  require  both  photoacts.   A  new  approach  in 
these  investigations  (Levine,  Bishop)  is  the  use  of  biochemi- 
cal mutants  with  lesions  in  the  electron  transporting  enzymes, 
combined  with  the  application  of  specific  electron  donors, 
oxidants,  or  different  wavelengths  of  light.   On  the  whole 
these  studies  support  the  picture  developed  by  other  means. 

Electron  transport  over  the  chain  now  partially  defined, 
leads  to  phosphorylation  of  ADP.   Net  flow  depends,  of  course, 
on  addition  of  some  soluble  redox  component,  to  which  recentJiy 
"phosphodoxin"  (Black)  a  natural  low  molecular  weight  com- 
pound, can  be  added.   The  question  why  indophenol  dyes  were 
photoreduced  without  concomitant  phosphorylation  seems  to  be 
satisfactorily  answered  by  the  uncoupling  effect  of  the 
oxidized  dye  (Keister,  Avron). 

Experience  with  phosphorylation  accompanying  the  Kill 
reaction  continues  to  show  a  P/2e  ratio  of  1.0  as  a  maximal 
limit.   In  view  of  the  higher  ratio  demanded  by  the  Calvin 
scheme  for  COp  fixation,  and  the  demands  in  the  cell  for  ATP 
to  be  used  in  growth  and  other  synthetic  processes,  it  would 
seem  that  in  vivo  phosphorylation  should  result  in  part  from 
cyclic  or  pseudo-cyclic  electron  flow  as  well.   Further  evi- 
dence for  photophosphorylation  in  whole  algae,  independent 
of  oxygen  evolution,  came  at  this  meeting  from  studies  of 
acetate  metabolism  (Gaffron).   Also,  the  photoinhibition  of 
respiration  observed  with  the  mass  spectrometer  can  be  ex- 
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plained  by  cyclic  photophosphorylation  maintaining  a  high 
ATP/ADP  ratio  inside  the  cell,  thereby  stopping  electron  flow 
in  tightly  coupled  mitochondria  (Hoch).   This  control  of  res- 
piration by  a  photosynthetic  process  is  thus  analogous  to  the 
control  over  glycolysis  by  oxidative  phosphorylation. 

Cyclic  electron  flow  with  isolated  chloroplasts  has  been 
observed  with  a  physiological  mediator,  ferredoxin  (Arnon). 
Its  significance  for  the  in  vivo  mechanism  is  obscure,  be- 
cause of  the  low  rates,  sensitivity  to  oxygen,  and  unique 
inhibition  by  low  concentrations  of  antimycin  A, 

The  actual  mechanism  of  ATP  formation  is  still  mysterious. 
It  was  shown  that  a  large  pool  of  a  non-phosphorylated,  high 
energy  intermediate  can  be  formed  at  pH  6  in  the  light,  and 
that  the  intermediate  can  be  used  for  ATP  formation  subse- 
quently, in  the  dark.   The  obligate  role  of  this  intermediate 
in  ATP  formation,  or  possible  alternative  functions  for  it, 
are  still  unknown  (Jagendorf).   Other  aspects  of  the  phos- 
phorylation mechanism  are  exposed  in  the  discovery  of  light 
induced  ATPases  in  chloroplasts,  and  in  the  finding  that  the 
existence  of  high  energy  intermediates  in  the  chloroplasts 
causes  an  increase  in  light  scattering,  probably  due  to 
structural  changes  (Packer). 

With  respect  to  the  site  of  the  phosphorylation  mechanism 
in  the  electron  transport  chain,  two  possibilities  are 
actively  considered.   One  (probably  the  favorite  for  most)  is 
in  electron  transfer  from  the  primary  reductant  (E^  of  0.0  V) 
made  by  photosystem  II,  to  the  P700  complex  (Eq  of  +  0.^3  V). 
Experimental  proof  does  not  yet  rule  out  the  alternative 
possibility  of  phosphorylation  associated  with  the  re-oxida- 
tion of  the  low  potential  primary  reductant  formed  by  photo- 
system  I  which  would  have  to  have  a  potential  of  -0.6  V   to 
obtain  sufficient  energy  in  re-oxidation  by  ferredoxin  or  by 
methyl  viologen. 

Since  clear  evidence  as  to  the  number  or  position  of  phos- 
phorylation sites  is  lacking,  care  should  be  taken  to  avoid 
making  definite  commitments  at  the  present  time.   Studies 
with  inhibitors  or  uncoupling  agents  such  as  HQNO  or  CCP 
(Avron)  as  well  as  previous  work  with  PCMB,  do  suggest  that 
there  might  be  more  than  one  phosphorylation  site. 

The  two  photoreactions  thus  appec^r  to  be  linked  together 
by  reciox  reactions  and  associated  phosphorylation.   An  addi- 
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tional  question  is  how  does  each  photosystem  obtain  its 
appropriate  share  of  the  absorbed  quanta.   Of  two  possible 
mechanisms  the  first  one,  which  is  supported  by  much  of  the 
data,  assumes  that  the  respective  pigment  systems  and  conver- 
sion centers  are  independent  of  each  other.   The  second 
assumes  that  energy  can  "spill  over"  from  system  II  to  system 
I,  but  not  vice-versa  (Myers,  Govindjee,  Bannister  and 
Hommersand).   In  the  extreme  case,  this  mechanism  could  oper- 
ate with  a  single  assembly  of  absorbing  pigments  if  only 
given  a  switching  device  at  the  end  point  of  energy  transfer. 
One  thing  is  certain — deciding  about  these  possibilities  is 
made  much  more  difficult  by  the  fact  that  it  is  never  possible 
to  irradiate  system  II  by  itself. 

Further  evidence  as  to  the  nature  of  the  cooperation 
between  the  two  photosystems  comes  from  sensitive  measure- 
ments of  oxygen  evolution  (French,  Fork,  de  Kouchkovsky; 
VVhittingham).    These  experiments  show  that  oxygen  evolu- 
tion due  to  irradiation  of  photosystem  II  is  not  initiated 
unless  the  chloroplasts  or  algae  have  been  previously  'J^rimed't- 
either  quickly  by  exposure  to  light  activating  system  I  or 
much  more  slowly  by  a  dark  incubation.   Thus  system  I,  accord- 
ing to  this  evidence,  produces  a  precursor  for  system  II  to 
work  on.   Data  of  Govindjee  and  Whittingham,  indicating  that 
one  sensitization  band  can  operate  in  either  photosystem,  seem 
unexplainable  as  yet. 

The  biochemical  details  of  the  oxygen  evolution  process 
remain  an  area  of  almost  complete  ignorance.   Earlier  work 
showed  that  Mn  is  involved  in  the  oxygen  evolution  system. 
Recent  studies  (Gaffron)  suggest  that  flavin  enzymes  might  be 
playing  a  part  here,  primarily  from  the  discovery  that  the 
oxygen  evolution  inhibitor  DCMU  interacts  very  strongly  with 
model  photoreactions  of  soluble  flavins.   Some  of  the  experi- 
ments of  Trebst  suggest  that  photo-oxidation  of  some  of  the 
quinones,  or  of  ascorbic  acid,  may  proceed  by  a  reversal  of 
the  oxygen  evolution  pathway;  however,  all  alternative  ex- 
planations have  probably  not  yet  been  ruled  out. 

The  pathway  of  carbon  continues  to  be  a  fruitful  field  of 
inquiry  for  a  few  groups.   Increasing  doubt  seems  to  have 
developed  as  to  whether  the  Calvin  cycle  is  true  in  every 
respect  in  vivo.   Most  essentially,  recent  critical  experi- 
ments seem  to  suggest  that  phosphoglyceric  acid  is  not  the 
only  first  product  in  photosynthesis;  it  appears  that  fixa- 
tion of  CO2  onto  ribulose  diphosphate  may,  in  part,  produce 
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a  hexose  molecule  prior  to  the  production  of  PGA.   If  so, 
this  in  turn  reopens  the  question  as  to  whether  TPNH  is  the 
reductant  in  this  phase  of  carbon  fixation.   The  data  of 
Krogmann  indicate  at  best  one  TPN  or  two  DPN  molecules  per 
photosynthetic  unit  in  chloroplasts  made  by  non-aqueous  pro- 
cedures, and  this  represents  almost  all  of  the  TPN  and  half 
the  DPN  of  the  leaf.   These  figures  suggest  either  that  pyri- 
dine nucleotides  are  fully  engaged  in  carbon  fixation,  or 
that  they  are  simply  bypassed.   The  question  will  not  be 
fully  answered,  however,  until  the  details  of  the  initial 
carboxylation  and  reduction  steps  are  elucidated  (Bassham, 
Gibbs).   At  the  present  time,  it  appears  highly  suggestive 
that  some  sulfhydryl  inhibitors  (lipoic  acid,  arsenite) 
affect  carbon  fixation  in  the  whole  system  although  they  are 
not  knovjn  to  inhibit  any  of  the  enzymatic  steps  established 
for  the  Calvin  cycle  in  vitro, 

A  new  direction  in  carbon  metabolism  has  been  clearly 
established  for  the  two  carbon  pathway,  starting  from  phos- 
phogly colic  acid  (presumably  arising  from  pentose  phosphate) 
(Tolbert,  ''hittingham) .   Under  the  usual  natural  conditions-- 
high  light  intensities,  ZQ%   or  njore  oxygen,  low  GO2  concentra- 
tions— 50%  or  more  of  the  carbon  flowing  through  photosynthe- 
sis can  be  shown  to  be  running  through  this  previously  little 
explored  two  carbon  pathway.   A  major  exception  to  the 
generally  accepted  viev;s  on  the  pathway  of  carbon  and  indeed 
most  other  areas  of  photosynthesis,  remains  in  the  closely 
woven  concepts  of  Warburg,  lucidly  described  by  Vennesland. 

iVhile  this  survey  has  so  far  considered  analyses  of  path- 
ways, further  advances  depend  entirely  upon  a  more  complete 
knowledge  of  the  participating  constituents.   For  instance, 
plastoquinone  A,  implicated  in  electron  transport  by  experi- 
ments involving  extraction  with  hexane  and  re-addition, 
already  appears  to  have  two  components  active  at  two  sites 
(Trebst).   The  occurrence  of  as  many  as  eight  structurally 
different  quinones,  most  of  them  showing  activity  in  recon- 
stitution  experiments  suggests  a  more  complex  set  of  path- 
ways than  so  far  envisioned  (Dilley).   »'ork  is  proceeding 
on  isolated  cytochromes  (Forti,  Perini),  and  iron  has  been 
shown  to  be  the  electron  carrier  of  ferredoxin  (Fry). 
Properties  and  possible  functions  of  plastocyanin  are  under 
investigation  (Katoh).   The  nature  of  electron  transport  in 
the  chloroplast  surely  depends  on  the  existence  of  both 
aqueous  and  non-aqueous  phases;  hence,  the  fundamental 
importance  of  knowing  the  nature  and  function  of  the  abundant 
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lipid  constituents  (Benson), 

Sophisticated  methods  of  electron  microscopy  and  small 
angle  x-ray  diffraction  have  been  applied  to  a  study  of 
lamellar  structure  which  must  be  responsible  for  the  intri- 
cate transfer  of  quanta  and  charges  to  and  within  conversion 
centers  (Menke). 

In  the  lon^^  run  the  intimate  details  of  the  transformation 
of  light  energy  must  yield  to  an  attack  in  which  chloroplasts 
are  broken  down  into  their  constituent  parts  and  then  recon- 
stituted.  The  beginnings  of  this  approach  are  seen  in  the 
reports  of  chlorophyll-protein  complexes  (Takamiya)  particu- 
late sub-units  of  the  chloroplasts  (Allen,  Kahn),  and  even 
colloidal  pigment  suspensions  (San  Pietro,  Vernon)  retaining 
photochemical  activity. 
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